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MEmYL GROUP TUNNELING AND VISCOELASTIC 

RELAXA TroN IN POLY (METHYL METHACRYLATE) 

ABSTRACT 

.;, 

1 

~ 
'This thesis describes a dyùamic mechanical investigation of the 

o 

backbone methyl relaxat;lon in poly(methyl nie,thacrylate), (PMMA)-; the normal 

and fully deuterated polymers were studied by high ~recision torsional 

pendulum, vibrating r~ed,and ultrasonic techniques, in the region of ~200 
1 0 ", ~ -

to +50 C. Two ve~y small relaxations observed for free-radically ~repared 

PMMA were interpreted as due to motib~s of packbone methyls correspondin~ • 

\ f ,7 

tQ syndiotac tic and heterotac tic main chain configurations •• -Evidence of 

quantum mechanical tunnèling was present for the syndiot~ctic methyl re-

laxation, whieh showed not only pronounced curva~u~e in the log v versUS 

lIT plot but also a large isotope effect~ Bqth res~l~;h~ve been predicted 

from theoretical considerations and have now'been verified experimentally. 

This represents the first ,demons~ration of an isotope effe~t in the f~eld 
- of polymer mechanieal properties. 

Extrapolation of viscoelastic data for PMMA to high temperatures 

suggests that the variOUB relaxations May aIl converge in ~ frequencyl 

tempera~~re r~gion near 109 Hz and 200°C. 

\ 
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GRbup E METHY LE ET LA 

)~ IL'EFFET'DE TUNNEL DU RELAXATION 1 

VISCOELASTIQUE DANS LE POLYMBTIlACRYLATE DE METIlYLE 

REjSUME 

-<= fr 

~ 

Cette thèse décrit une ét4de dynamique et· mécanique de la relaxa,tion 

du &roupe méthyle de l" épine dorsale dans la structure moléculaire du poly-

méthacry'late de méthyle, (PMMA); le deutéro-PMMA et 1;es polymèr~s normales 

ont été étudiées-par des fechniques ,de haute précision: le pendule de tor-, 
sion, le 'rosealÎ vibrant"'et l'ultrasonique, pour des températures de -200 

a SOoC. Deux relaxations très petites ont été observées dans le PMMA préparé 

var la méthbde à radical libre et sont interprétées comme causées par les 

',,' 

., 

dépla~ements des m~thy les de l' épJne dorsale correspondant' aux configurations ) 

syndiotac~ique et hétérotactique de la principale chaine moléculaire. La 

relaxat~on syndiotactique du méthyle montrait un effet de tunnel quantique
o 

mécanique évident par la courbe marquée dans le graphique de log J/ versus 

,1/1 >aJnsi que par un grand effet isotopique. Les deux résultats ont été 
l' 

'r' prédits par des 
1 

considératiOAs théoriques et ont maintenant été vérifiés 

, 

f , ~ i f par exper ence. Ceci représente la première démonstration d'un effet 1so-

L. topique dans le 
i-,. 

, ~ 

s~et des p,:opriétés méca,niques des polymeres. 

L'extrapolation des résultats viscoélastiques du PMMA ivde hautes 
, . ~ 

températures sugg~re que les relaxations divers peuvent tous converger ~ans 

la région fréquence/températu're près de 109 -Hz et 200°C. 
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,FOREWORD 

, Il 
'Methyl G~lip Tunneling and Viscoe1astic Relaxation in 

Poly(methyl methacry1ate), is presented in six chapters as follows: 

-
l Chapter l contains an introduction to the subject and a literature 

r~view of the moIecu1ar motions (especia11y the backbone methyl re-

Iaxation) of PMMA; Chapter II outlines the experimental techniques 

employed in the study and Chapter III contains the dynamic me~hanical 
J 

results obta'ined for normal and fully deuterated PMMA specimens; 

1 
Chapter IV consists of a discussion of these results with Chapter V 

emphasizing the contributions to original knowledge and suggestions' , , 

for future work; Chapter VI' contains supporting references. 
/ 

For the convenience 0' tbe reader, the tunneling' frequency 
1 

calculation for a deutero-methyl group in a barrier of 5.89 Kcal/mole 

has been reproduc~d from the private communication of Dr. S. Reich 

as Appendix I. Descriptions of the high precision Vibrating ,Reed 

and Ultrasonic instruments employed in the study are given as 

Appendices II and III respective1y. Numerical and gr~phicf1 data in 

support of V!brating Reed and Ultra,rnic results quoted in the text 

are included as Appendice's -IV and V respectiveIy, with Appendix VI 
, 

containing the supporting numerical data for text Figures,. 
, 

A pre1iminarYcreport of this work, presented in Phys. Rev./L~tt. 

~, 951 (1975), is included as Appendix VII. 
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1. INT,RODUCTION 

(-
A. MECHANICAL PROPERTIES OE POLYMERIC SOLIDS: 

~ 

, 
A deformation applied to an elastic solid gives rise to a 

orestoring force within the material. If the deformation is Buf-
r 

Uciently small:, the stress (force1uni t area) 1s proportional 

of deformation or the strain where the'material 

in its "linear re~ion"., The constant of propor-

tian al ty is called the modulus of elasticity or, more commonly, 

the stiffness of the material. 

1 

There are th~ee d'istinct types of modulus: the shear 

modulus or modulus of rigidity G; the tensile or Young's modulus, 

E; and the bulk/m6dulus K. . 
! 

G 

E 

and K 

• 

= 

= 

't 

Y 

cr 
e: 

P 1 

-t:.v/v-

These given by: 1 
are 

'/ 

1 where 't and (J, represent shear and tensile stresses respectively, ' 

P'is p~essure exertea on aIl sides of a body, and y, e: (= /:'1/t), 

and (/!.V/V) are th~!, shearin~ angle, the elongation or,lrelative 

increase in length i, and tlJ.e relative increase in volume V, < 

/" 
respeetively. 

The total volume of an isotropie mate rial iot·t pre-

served under iXial 

latera! dimensions 

de formation , with éxperiments showing that 

decreaêe (or increase) in proportion to the 

" 



( 

'" ._r 

c 

o 

2 

.. 
axial elongation (o~ shortening).1 This 'factor bf lateral 

contraction' is-known as the,Poisson's ratio Il', which, for a 

cylindrica~ specimen of unstressed diameter d and length R" is 

defined by. the 
2, 

equations:, 
, J • 

11 = (1 + e) 1; dl = (1 - }le) d for tension 

and 11 = (1 E) 1; dl = (1 + }le:) d for compression 

where R,1 and dl are the dimensions after stressing. The Poisson's 
'"\ 

ratio for isotropie plastics ranges from ~.3 (glass) to ~.49 (rubber): , 

, ' 
The vartous moduli of isotropie materials are interconnected J 

, .1 1 

~hrough the Poisson's ratio as follows: 

" E = 2 G (1 + }l) 

and 

2. V,iseoelastieity: 

A polymerie material exhibits simultaneously the properties 
l , 

of an elastic solid (stress proportional 'to strain) and a viscous 

l1quid 1 (s tress --proportional to rate of s train) .- The behavior of 

such 'viscoelastic' materials may be studied by various techniques" 
.r' 

including dynamic mechanicâl testing, in which a very low amplitude 

cyclic strain (i.e. a vibration), Is applied to the specimen. It 

is found that the resulting str~ss is not completely in phase 
4P 

with the strain, as illustrated schematieally in Fi,gure 1; the 

in-phase stress (stress which 19 propor1tional to strain)reflects 
/ 

e1astic behavior, while the out-of-phase stress(stress proportional 

to the rate of strain) is a visQDus response. The modulus therefore 
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FIGURE 1. 

SCHEMAIIC DIAGRAM ILLUSIRATING STRESS WHICH IS OUT OF PHKsE WITH 
, 

Sl'RAIN, WHICH W,?ULD BE OBSER\En FOR A VISCOE~STIC MATERIAL. 
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consists of two orthogonal èomponents, and can be written as 

a complex quantity; thus the compliex modulus of rigidity G* i8 

) 
defined, as: 1 

G* = G' -+ iG" l, 
~ 

where G' i~ the in-phase'(str~ss/strain) ratio or storage modulus, 

and G" is the out-of-phase (stress/strain) ratio or 108s modulus. 
\ 

G' and G" J;elate to energy stored and di8sipated (as heat) in 

the same sense as Gand n (the viscosity) determined in statie , 

4 
tests. 

""-
The internai friction, tan ô

G
' wh~ch is also known as the 

specifie loss .or damping tac tor, is defined as fol1:ows:' 

L 
tan ÔG "" 'W: 1 

\ 
1 

! 

<;';'-::::-

Similarly, 'the complex Young's modulus, E*, may be writt','en: 
'1 

E* = E' + iE" 

with tan ô 
E' , 

= El E 

! 5 1 

It may be shown that, for hard isotropie solids, tan ôE~ tan 

lamPing. 

3. Temperature Dependence of pOlymef Mechanieal Properties: 
. ~ \ 

" If the dynamic meehanical properties of an amorphous linear -- ,~ ..... 
'.> ""-"pollymer are measured as a fWlction of temperature at -constant 

frequency, a progression of peaks in tan ô and corresponding steps ' 

in the modulus is generally observed. This Is depicted schematically 

/, 

( 
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~, .[, 

in Figure 2A which might represent a torsional pendulum experiment 

at (say) 1 Hz. The peak regtons, .'ihich arë' referred to as dispers-

ions or relaxations in recognition of the time-dependent nature 

of the phenpmena, appear when the frequency of a molecular motion 

") 6 
matches the te:,t frequency and are labeled Cl, e. y~ 6 •••• with 

decreas ing tempe rature ; the Cl peak corfksponds to the softening . 
pO,int or glass transition and involves mutual sIl.ppage of large 

numbers o,f main chain segments, while the lower temperature peaks . , . , 
are indichtive of side group motions (such as hindered rotations) 
" 

or movemepts of smailer parts of the main chain. Relaxations may 

i 
be characterized by means of their ,tan ô peak heights and c6rrespond-

ing relaxation strengths, which ia defined as th~ difference in 
\ 

modulus across a relaxa tfon region di vided by the average modulu~ ~ 
'" 

5 7 in that region. • 

At t~e glass, transition temperature (Tg) region, a dramatic 

change in the mechanicai properties oecurs, with the material 

typi'taiIy passing from a deformable rubber far above Tg to a-britt1e 
1 . 

glass below that temperature; a thousand-fold increase in stiffness 

or rigidity may take place over a relatively small temperature 
. ~- 1.' " 

range. Modulus chànges acro«s SU~-~g relaxa tions are less speètacu~ ~ . 
, '. 

- laI'; nevert~eless. the j)~o-called 'tough' polymers "Olay experience 

brittle to ductile transitions across lower temper1ture dispersions, 

especially if they involve ,motion of a backbone group - éay the 

hindered/ rotation of a benzene ring contained in the polymer back-

8 
bone. ~ 

1 
i 
j 

1 

1 , 
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It is important ta realize that under optimum conditions, 

dynamic mechanicà1 testing permits the location in temperature 

and frequency of the various molecular motions taking plâce ~ithin 
" " 

the material although f~equently the identifi"cation of the detailed 

molecular mechanisms may b~ difficult. If tests of the type de-
. " 

p:icted in Figur'e 'lA arè conducted at severa1 frequencies (\1), a 

r 'transition map '. or plot of log v versus 1fT for the relaxations 

may be constructed, where T iB the a~solute temperature. Figure ZB 

represents schematically a transition map'containing, as experi-

mental points, the hypothetical experiment at 1 Hz shawn in Figure ZA. 

, , 

As Figure ZB indicates, , the sub-Tg relaxations <a, y, ô) -
,. generally follow Arrhenius 'or straight-line log v versus 1fT re-

1 • 

lations w.hose slopes define appa~ent activation energi~s (Ea's) for 
" , 

the ·1ev~ral moleèular motions occurring. For a movemen~ which 18 
.-3 ~~' 

, ' 
a hindéred rotation of a group, the activation energy ~a would he 

related to the barrier '_to rotation.' A wide range of activation 
l, . 

energies, trom 1 ta ~ 25 kcal/mole, bas been noted for the secondary 
". /' 

relaxations of a variety'~f ~01ymers.6 The Arrhenius relation may 
~ 1 

/' '9 1 
be e'9lr~!;;sed mathe.matically as: "---", 

v -E IRT. 
V = oe a 

~ . ~I' 
where v is the frequency corresponding to inHnite temperature, 

o 
, 5 

for which a value of log v = 13.5 ± 1 has been suggested. 
o 

~e a or glass tra~~itiqn relaxation follows a curvilinear 
\ 

log" versus lIT reIs tiono which i9 weIl described by the WLF 

. ,1 

,1 
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./ 
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, 10 
(Williams, Landel and Ferry) equation: 

-l7.4lf (l'-Tg) 
'Slf6 + (T-\) 

wh'ere' aT ia a shifr,. factor (analogous to a chang; in timesca1e or 
o 

frequency) which is re1ated to the change in T , given by (T-Tg). 
/ ,g 

f 

Thus, if Tg is the' glass transition temperature at log v = 0, 

then the equation affords an estimate of Tg at a freq~ency given 

by v = a
T

, 

Dynamic dielectrfc and proton nuclear magne tic resonance (NMR) 

experimental data have been successfull~ combined with dynamic 

mechanica1 results in arder to generate transition maps for 
6 11 ' , . 

polymers.' The dielectric and NMR techniques have limitations, 

however; the former is only able to fo~low molecuÎar group motions 

which give rise to dipole moment changes, while the latter .(NMR) , ~o . 
although especially sensitive ta the movement df pro(on-containing 

groups, cannat respond _ta m?tions of atoms not p~ssessing nuclear 

/' 
spin, and has until recently been limited to frequencies greater 

th an '" 101t Hz. 

Dyna~c mechanical experiments appear capable of detecting 
f 1 

aIl types of molecular,motion. However, different types of instruments 
( 

are requ1~Jd ta span a wide frequency range. A~ indicated in Figure 2B, 
l '. , 

the torsional pendulum i8 generally employed in the 0.1 ta lO'Hz ,! . 
region, t~le vib'rating reed_for' '" 10 ta 104 Hz, ~n9- ultrasonic methads 

for still higher frequ~ncies (> 'V' 2xlO'+ Hz). S tress r'elax~tio~ 
• \ 1 

and 

creep have als~ bee~ used to study a and B relaxations at law 

frequencies •. The use of fluch tests ta elucidate moleëular mechanislllS 

"., .. ' 

1 

l' 
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occurring in solid polymers has become known as 'Mechanieal 

12 
Spectroscopy' ,~which has recently been reviewed. 

1 

4. Molecular Identification of Méchanieal Loss Peaks in Polymers: 

fi 
Due to the enormous indus trial importance of the mechanical 

properties of polymers, these types of measurements have been carried 

out extensively, with some identifications of molecular mechanisms 

progressing very far. Perhap.s the best example of .. Jhis is, the case 

5 
of polymers containing the cyclohexyl moiety. for which Heijboer 

has shawn that the chair-chair conforma~ional change of the cyclohexyl 

j /' group attached to a poly;mef chain (or present in a plasticizing 

o molecule) gives rise to a y relaxation at ~ -80 C at 1Hz, with an 
l, 

activation energy of Il.5 Real/mole. In this case, the activation 

energy i5 equal to the barrier height, the barrier being strict~y. 

intramolecular, ariaing from within the ring its~lf. In~eed frequency/ 

temperaJure data for ~h'e loss peak in liquid cyclohexanol are in 

agreement with results for the cyclohexyl-substituted polymers, 

auggesting a remarkable inaensitivity of the-molecular mechanism to' 

the molec~lar 'environment. Heijboer showed not only ·that the y peak 

·was absent in PMMA plasticized with l,l-dichlor~cyclohexane, in 'which 
1 

b6th'chair conformers are identical, but also that,the peak dia-
1 

1 

appeared when the chair-chair conformational change was block~4 

thr9ugh steric hindrànce. In addition, he found that dielectric 
/' 

measurements on chlorinated derivatives were qualitatively what would 
~ ! be expected from geometrical fonsiderations of the chair-chair 

transition for a cyclphexyl ring linked ta a chain. lt ia worth 

l 
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pointing out that ~eijboerls'assi~nment of the.y relaxation in 
... 

cyclohexyl-containing materials to the,ehair~ehair flip has been 
1) 

amply confirmed by subsequent NMR and theoretical work. 

B. QUANTUM MECHAN~CAL TUNNELING AND VI~COEtASTICITY: 

1. Reality of Quantum Effects: 

---

In the early part of th~ present century it wes evi~ent that 

Newtonian and Maxwellian concèp~s wer~ unabli to explain many pheno­

mena occurring at the submictèscopic level of ,the atom~.and sub­

atomic partie le. In particular, the frequency ~epe~ce or the 

b~aekbOdY radiat~on rate and the tempe~ature dependence of the 

specifie heat of a solid eould nôt be understood in terms of" classi-

13 . 
cal mechanics. An entirely n~w Phy~iCal approach was needed •. f.X 
Plançk laid the groundwork for this by boldly assoeiating discrete 

energy l~vels with sF~nding waves in a box. Einstein anq later Debye 

extended Planck's concept to solids, identifying the thermal atomic 

motions with' internaI standing'sound waves of different frequencies 
\J 

\1 up tel a maximum frequency corresponding to a wavelength apptoxi-
! ' 

mate1y twice the lattice spacing" These oscilla tors 1 were assumed to 
) 

possess discrete energies of nhv, where n is a positive integer, and 

h'is Planck's constant, and an adequate déscription of the specifie 

heat behavior was achieved. These developments launched the field 

of quantum mechanics. 
1) 

13 Other experiments indicated that electromagnetic radiation 
(' 

i 

, ' 

·1 
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(light)'very often exhibited particle-like beh~vior as in the photo-

electric effect, whereas entities which were eonsidered ta be particles 

(sueh as electron~) could display wave-like behavior. Thé wave-particle 
( 

duality concept arose, neeessitating a wave mechanieal theory of.particle 
, . . 

,behavibr. In this formalism, the mot{on of a partie le of mass ~ is 

described'by a wave function ~ which obeys the SchrHdinger equation: 
( 

[- ~ V2 + V (X,y,Z)] t/J = jh 1% 
• 1 

where V(x,y,z) is the potential ~nergy of the particle and h = h/2~: 
Here Jt/J/ 2 is i~terpretable as a probabi1ity density • 

.. , 

( 

'-,.~ As a one-dimensionél1 illustration of the use of the Schr8dinger ~, 

wave equation, the case of a partiele or system of partie1es behaving 

. • 13 14 as a simple harmonie oseillator (Le., as a spring) 'may be presented. ' 

Here, the potentia1 may be repre~ented by V(x) - ~kx2, which has the 

fox-m of a 
1 • 

parab01ic weIl. The wave equation reduces to: 

<tI
2 d2 t/J ILx2' 

El/t ~-: 2m dxz + T '41 s: 

'\ ' 

A set of solutions exists for this equation Sl1ch that .' , 

E - h w (n+~) n 0 , ' 
, 1 

f • 

, 2 f 
where n. 0, 1, 2, ••. w and w = k/m. The wave functions t/J corres-o 1 n 

pondi-ng to th~se discrete ene~gy V~1ues/ are )haracterized by maxima 

and minima antl also nodes, where t/J = O. A t~1 of (n+1) maxima and 

minima, and n nodes exists. A schematic diagram of the potentia1
f 

funetion and the groùod state (n = 0) wave function, i5 given 
, 0 

in Figure 3A. It.is clear from, the Figure th~t the wave function 

'extends beyond ~he confines of the hindering potential. Since ~/2 

1 
J 
l 

i 
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FIGURE 3A 

SCH~TI~ DIAGRAM OF THE SIMPLE HARMONIC OSCILLATOR 

POTENTIAL FUNCTION AND GROUND STATE WAVE FUNCTION, 
i ' 

1 

ILLUSTRATING THAT PENETRATION OF THE WALL IAKES PLACE 

(SHADE)) REGION). 

FIGURE 3B '" ._~,'. 
SCHEMA TIC DIAGRAM OF IWO SIMPLE HARMONIC OSCILLATORS 

IN CLOSEIPROXI~ITY, ILLUSTRATING THE CONCEPJ 

~NNELINb ROUGH A BARRIER. 
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is interpreted as a partiele probability density, there is therefore 

a finite probabi1ity of'finding that partiele outside the barrier, 

especially in the shaded regions. Thus the particle (or system of 

part:icles) pE;netrates the barrier to a very' real/extent. 

If two such simple harmonie oseillators are in close proximity, 

as illustrated schematically in Fig~re 3B, "then an interesting 

situation exists: overlap of the individual ground stat~ wave 

fundtions is occurring. sa that a partiele ~ovinglunder the influence 

of one potential function may find itself within ~he other weIl (as 
f. 

understood from ~uantum mechanical concepts), despite the fact that 
A 1 

, j 

the partic1e energy is lessthan that required to h~p over the barrier! 

Sueh a partiele is said to have jtunneled ' , through the barrier, a 

situ~tion absolutely without elassical, counterpart. 
" 

,Examples~f ~uantum mechanical tunneling aboudd: a-particles 

deeaying from radioactive puelei are observed to penetrate the strong 

" repulsive coulombic barrier provided by the charge on the radioactive 
f " 

nu~leus. despite a total eneri~wh{~h is less than'this barrier;l3 

conve~sely, shooting partÎcles at a nucleus usually ~nvolves tunneling. 

Tunneling of electrons through a potential hill occurs as in the case 

.... 14 
of the tunnel diode. In addition, very high frequency (electro-. '. 

~t" 1 ~-' :~'-;r;~' "t 

magnetic) effeêts *hich 'IJ:.Effleet tunneling are known, for instance the 

IÎumbtella" inversion of ammonia,15 which 18 observed at normàl tem-

paratures, and,is, in fact weIl represent~d by the picture presented 

in Figure 3~ Quantum effe[ts are however, very often encountered 

at low temperatures, an example baing the superfluidity of liquid 

helium, lp'which is a mechanical manifestation of quantum mechanical 

• - __ ...... ,/ .... __ ..... 1' ~'I. ~ ,-.......... -.,.. ~ ... _ ............. 
, / l ' - /. 

.. 

" 

l ' 

1 
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Ir 

behavior'. In addition, considerable evidence of tunnE\ling phenomena 

, 17 18 
in ,soHds is a1so accumulating. ' . These illustrations of quantum 

effects show c1early theoreality of the phen~menon, however 'foreign 

to our clqssica1 way of tltinking it may be,. 

2. Develo ment of the m Mechanieal Tunnelin othesls for 

Methyl Group ~otions in Solids: 

r 

Methyl group motions in methyl-eontaining solids have long been 

investigated by various experimental techniques, espeeially proton NMR , 

methods such as spin-lattice relaxation) line width and second moment 

19 ' 
studies. As the temperature is 'lowered, minima in the spin-l;atti<;e 

relâxation, Ume Ti' and increases in line width and second mOment occur t 

corresponding to freezing-in o~ the methy1 motion. In each type of 

experiment, a ~requency v may be associated with the
P
motion

20 ~nd 

correlàted with the temperature. In this way, frequency-temperature 

relationships can be established for particular methyl group motions. 

The temperature dependence of group motions such as barrier 

hoppi?g of various side chains, Jneluding methyl groups ,has, in the 

~ past, frequently been expressed by the Arrhenius equation which has 

been described earlier (Introduction, Part A). Thi~ equation predicts 

a straight line relationship betwe,en log v and lIT with the slope 

proportional to the barrier'height E • 
a 

Low temperature NMR tests on methyl-containing solids have,not 

always, however, shown an Arrhenius type 0 f behavior. ThIs c-an be 

seen, for exampl", from Figure' 4~ which çontains the f~equency-~em-
Il 21 '. 

perature relation calculated by Das from line width measurements for 
/ 
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FREQUEN Y~T ERATURE RELATIONS~IP FOR 1,1,1-TRICHLOROETijANE / 

(èALCULATEri ~Y ~l FROM NMR LINE WlnTH MEASUREMENTS CON-

~CTED BY POWLES AND ~TOYSKY~2). 
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f _ 22 
, l,l,l':'trichloroethane (CH r CCt 3 ) conducted b,Y Powles and Guto~sky 

a~ "early as 1953. It is e~ear that, the log v versus liT graph is 
! 

curvilinear over the region studied. Such deviations from Arrhenius 
".. 

behavior have "been, correlated with ra ,tational quantum mechanical (QM) 

, , . 
tunneling of methyl groups in these materia3s a1: low temperatures • 

1 

frop! 

?J1e mat!1ematical treatment o~ rotational tunneling only' diffe~ 

the one-dimensional illustration ;iven prèvious~y (th~se of the 

simple harmonie osc~llator) in that particle mass and linear distance 

must be rep~aced by the moment of inertia l and the angle of ro'tatiQn ~ 
\ 

of the rotàting species. Figure 5 depiets the hindered rotation of a , 
methyl group wïthin a three-fold sinusoidal potential barrier for the 

case o~ etnane, assuming a barrier height of 2.75 Keal/mole. The energy 

minima and maxima correspond ta ~he staggered and eclipsed configurations 

'!ff the methyl pro tons as shQwu in the Figure. Here,· the ethane Molecule 

1 

iS,being viewed a10ng the C-C ,axis. The first three vibrationa1 energy 

levets calculated from the wave equation are given. It i5 clear that 

rotation of a methyl group in the ethane moleeule implies tha~ potential -. . 
hi)Js must be overcome, in the same sense as for a single particle_ 

approaching a coulombic barr~er. 

Quantum me~hanic~il trea tments (to be described la ter) indica te that, 

at a ~iven temperatu~,. there is not on1y a probability that the 

ro tating system will hop over the barrier (the classical case) but also 

a probabilÙy that tunneling thrQugIl ffie-,barrier will occur, with the 
I.'J , .... - , 

tunneling frequendy dependent on the èarrier height and the moment 0/ 
, • ' J 

inértia. This pic ~~re wou1d be sim:Har' for methyls in" other molecula~ 
, \ -

enviroIlIOO-'nts, except that the hindering potential barriers would differ. 
~.,. .: .. 

, ' 

, ___ ~ "",\ QI .. 
t'~.-1.I".,"+! 
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SINUSOIDAL POTENTIAL FONCTION FOR METHYL GROUP ROTATION' 

'IN ETHANE. 
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Rotationa1 QM tunnelifg of methy1 groups has been treated from a 

1 21 23 
theoretica1 point of view by Das in 1957, Stejskal and Gutowsky in 

24 25* 
1958, and more recently by Apaydin and Clough, Allen and C1ough, 

26 27 28 - 29 
Davidson and Miyagawa, Bloom, Allen, BUller .and Kroll and 

30 
Johnson.. and Mottley. Th~se theoretica1 approaches have followed quite 

differ,e~t 1ines: Das, StejJkal and Gutowsky, Apaydin and C1ough, Allen 

and Clough, Bloom, and Johns-tin and Mottley dea1 t w~th NMR phenomenaj t 

Davidson and Miyagawa, and Allen attempted to explain electron spin re-

sonance (ESR) effects; and HUller and, Kroll considered neutron scattering 
, 

evidence of methyl 'group rotational tunneling. , ' 
( 

/ 

Das 2l applied.a theory of tunneling through n-fo1d periodic barriers 

which previously had been used to explain fine structure in rotational 

microwave
1 

spec tra, to the problem of ca1culating barrier heights from 

NMR data in solids. The theory" applicable to one dimensional potential 
" 

baniers only, was applied to !ine width versus temperature data and Tl 

versus temperature data for various low molecu1ar weight compounds, most 

CH CF NH3+ b f h d l containing 3' 3 or groups capa le 0 indere rotationa motio~. 
1 " 
1 

In particular, he deduced a barrier height of ~6 Kcal/mole for the, .. 
;rotat;i.on of the methy~ group in 1,1,1-trichloroethane (for which data was 

...... i /' 

given in F~gure 4). 

S tejsk~ and Gutc;>wsky calc~lated the average tunneling frequency 'V t 

as a function of tempe rature for barrier heights V' in the ran~ of 
1 0, '1.(' 

2.36 ~o 7.92 Kcal/molé, for a methyl group attached to a rigid frame-.,.' , 
,work, assuming a potentia1 of the form 

v = 'V <i + cos 3~) o . 

.. 

* It shou1d be noted that Clough (References 24 and 25) has recently 

retracted pa~ts of his theory. 
1 

~ 
1 

i , , 
1 

1 
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where <fi is the angle of rotation of the methyl group. Substitution of 
1 

this, potential function into the SchrBdinger wavè equation, yields an 

expression of the Mathieu equation type, for which numerical solU'tions , 
were obtained. These solutions were considercd more rigorous than the 

approxima te expressions derived by pas. 'p .. 

Stejskal and Gutowsky's theoret~cal r~sults, which are shown in 

Figure 6, predict that, at high temperatures, or in the absence of 

tunneling, the frequency obeys an Arrhenius temperature dependence, 

( while, at lo'j temperatures, in the presence cr~ tunneling, it levels off, 

ultimately becoming independent of temperature. A wide range of experi-

1 • • 21 31-36 
mental NMR results is in general agreement with this hypothesis; , 

31 ' Odajima, Woodward and Sauer found that the correlation frequency v 
c . 

o 
calculated from line width data above 77 K fpr poly (methyl methacrylate), 

/<P~), poly(methacrylic acid) , po1y(sodium methacrylate), poly(a-methyl 
/ 

styrene) and the a-methyl styrene monomer began to le:vel off with de-

creasing temperature, indicative of the" onset of tunnel.ing there. Kosfeld 

and von Mylius
34 

have observed similar dfects in wide line NMR measure-
" 

'. ments on PMMA and poly(methyl acrylate) in, studies over the temperature 

" a a 32 
,"ange of 5 to 293 K. Knut~on and Spitzer studied the NMR line shape 

con-
o 

of p,Oly(me~hYl-Cl",chlorOarrylate) at temperatur~s aS low as 1.5 K" 

cluding that the CH3 group reorients rapidiy at that temperature, i.e. 

at an average rate greater'than lOS/second. T~is would be consistent 
/ 

\ 
\. 
\ with quantum tunneling of the methyl group through a barrier of le~ 

than ~3Kcal/mole. 
, . 

( 

1 
î , 
1 
: 

" ~ 

'-
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FIGURE 6 

TIlE AVERAGE TUNNELING FREQUENCY AS A FUNCTION OF TEMPERATURE 

FOR A METHYL GROUP, FOR BARRIER ~EIGHTS IN THE RANGE OF 2.36 

TO 7. 92 KCAL/~OLE (CALCULATEO BY STÉlsKAL AND GUTOWSKY
23
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33 Haupt and MUller-Warmuth performed nuclear sp~n-l~ttice re­
l' 

laxation rate measurement~ at-i4 .5~O. 7 2-rn~ On toluene ~d several 

fluorotoluenes down to liquid helium temperatures and found low temperature 

, methyl relaxations stronger than those predicted by cla8sical theory. They 

suggest that fIat low temperatures, the motion causing' spin-lattice re-

laxation i8 reduced to certain torsional transitions between the lowest 

states, which are connected with tunne1ing". Th~.g,interpret~tion appears 
, <, 

25' . 
consistent with the theory of Allen and Clough which attributes a low 

T -1 k b d' ~ "50v d 25 MH i h l b 35 temperature 1 pea 0 serve at '.,.. .,. an ~ z n pel'l:tamet Y, enzene 

to a secondary, tunneling-assisted re~axation. R~Fent Tl ~easurements at 
, 

60 MHz on'poly(i80buty1e~e) and poly(carbonate) perform~d by Lammel and 

36 '. : 
Kosfeld have indeed found indications of t~o 31 minim~ in each polymer, 

the lower relaxation {occurring at "'7oK (60 MHz) a in both cases) considered 

28 due to tunneling methyl groups. Allen' 8 theory of Q~l tunneling suggests 

that the average tunneling frequency will iùcrease with decreasing tem­
l 

perature at very low tempe~atures; this implie$ that the frequency of 

methyl reorientation will first decreas~ with,decreasing temperature 

(Arrhenius behavior) and then level off as tunneling ensues, finally 
~ .. 

-
increasin~ again at very low temperatures. Thus a minimum frequency may 

ext'st, 50 that â constant frequency experiment wO\lld show two relaxations , 

• of a methyl group or none, depending .. on the magnitude of the frequency. 
J 

l ' 36, ' 35' 
Lammel and Kosfeld' 8 data ard that of Allen and CO'o1king appear con-

sistent with,this. -A.. 

Evidence that methyl groups are indeed capablé o~ ro~ational 

tunnelin&, at low temperatures'has also em~rged from severa1 other types 

. . , 

l, 
• J 

• Il 

1 , 
J! 
i 
j 

+ 

,1 , J 
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of experiments art methyl-containing materials. Among the most recent 

- 26 37-41 43" are studies of electron spin resonance' 'and ~ectron nuc~ear. 

. , 42 43 ' '26 
double resonance (ENDOR); , Davidson and Miyagawa ~ studied the ESR 

absorption of the intermediate radical CH3tHR fro~ L-alanine at 4.2
o
K 

and develop~d a ~imple methyl rotationt1 tunneling model to 'explain their 

37 38 39 ... observations; Clough and co-workeré ' , investigated the ESR spectrum, 

fOf y-ir'radiated 4-methyl-2,6-ditertiarybutyl phenol '(MDBP). lt was demon-
37 ~ 

strated that a change in the ESR ~yperfine structure and maxima in the 

NMR spin-l.:t:ttice relaxation rate bath occurred near 14°K in MDBP and it 

was suggested that both effects were due' to rotational tunneling of the 

hindered methyl. It was elaimed that the two types of eXperiments re­

presented Simi~ar dynamics of ~he meth~l group. Later,38 peak&.in the 
, 

magnetic field d,ependence of' the pI:oton spin-lattice. relaxation rate were 

observed at ltquid'helium temperatures and attributed ta reson~ce~ between 

the methyl tuhneling frequeney and the Larmor frequency associated with 
- 39 

the unpaired eleetron. It was la ter shown that, for an MDBP specimen 

o thermally quenehed to 4 K, a cross rela~ation between the electron spin 
1 ~ 

transition in a magne tic field and the transition between tunneling fo'-, 
1 • 

tafiona! states cou}d be detected thermally; it,was claimed that this 
-~~ ! 

{;~ 

"cross relaxation releases the stored meehanical energy of tunneling 

rotation ta heat Ithe sa~Ple'" 'Temperatu're rises ofl the order of 1 mK 

degre~ were obs~rved, in" this study. Clough' s group a1.s0' inveS\igated 

methyl group tunneLing rotation in y-irradiated m~thyl malonie acid 

cryatala, y,.ESR ,~an by ENDO#C::::mple containing deuter~~me,~hYl 

. ' 

- 43 groups wa a1so studied. It'was shawn that the frequency of methyl (CH3) 
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.. 
tunneling appears to decrease with increasing temperat~re~bove ~250K,41 

," 
1 28 in reasonable agreement with the' theory of Allen. The w,ork on deutero-

) 1 \ J 

~ethyls (CD3)43 indicated that CD3 groups also undergo rapid tunneling '. 

rotation at 40K Wi~7 a' possib1y 10wer barrier to~rotation than that for 

the non-deutera~ed analogue. 

3.'Proposal for Viscoelastic Relaxation: 

/ 44 
In 1969, it was proposed hy Eisenberg and Reich that rotational 

tunneling ~f 1ethYl groups could he invo Ive d, io viscoelastic relaxation, 

the basis for this suggestion being.-the existence of low tempera~ure 

mechanica1 10ss peaks in methyl-containln& polymer:s at temperatures too / 

low to be exp1ained by the 
{; r 

classical approach. Too few methyls possess 

sufficient energy'at (say) 40
0 K (a reJsona~ie tempe rature for the low "' 

tempe~atur~ re1axation$) to overeome barriers of greater than ~2 Keal/mole 

(a180 reaso1ab1e 

dissipation. The 

21 ~ 
for methyl motions ). to aecount for the observed energy 

proposaI made use of the Stejskal and Gutowsky theoretical 

23 treatment of methyl group tunneling around the/C3 axis. It was po~nted, 

out by Eisenberg and Reich that th el prediction that the average tunne1i~g 
( 

frequency leve1s off with deereasing temperature cbuld explain not only 

the low temperatures ~f the observed 108S peaks, but a1so ~he relative1y 

large width of the peaks (ha1f-width ~20 to 70
0K for ,t~e mithYl-Substituted 

/ 0 45.. 
polystyrene peaks which occur at ~O K. -} A success of' the approach'was 

that the application of the QM hypothesis to the ohserved dispersions led 

to qùite reasonable estimates of the banter heights for the different 
1 

methyl groups basedon structural considerations. It Was observed that 

the barriers clustered around two values, ~4 Kcal/mole and ~7 Kcal/mole, 
.......... 'r " 

., 

, 
!: __ ......... ,".-- .. r r "( 1 

... _,...,~.t..J~'l!....:b ~..t.. .... =et+s*.!'+-'. "",Üî" \l..r~~ ......... ~~-., 'iri:4., ... ..A...d ....... 'W+'w' rttit&Hf ......... iId!r ... .....J ............. J.-""-i 
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( / J 
/the former being' considered appropriate for methyls at ached to ester 

/-:: 
/ side chains and those attached to carbon-oxygen backbones (as in poly(pro-

pylene oxide» and the latter felt reasonable for methyls bonded directly to a 

carbon backbone (as in, the methacrylate polymers,and polypropylene). 

. J _ 
A more detailed mechanistic picture supporting the tunn~ling e-

• '46 
ment was later given ?y Reich and Eisenb~rg. Their 

considered that a dynamic viscoelastic test imposed a cyclic strain on 

polymer specimen, mOdula~ng the int~atomic distances at the experime 

frequency (say 0.1 to 10 Hz), and resuIt~g in a corresponding modul tion 

of the barrier heigHt restricting methyl rotation. This change ih V3 causes 

a change in the torsional energy states of the methyl rotors. It is suggested , , 
1 • #1.. • 

th~t, at low temperatures" methyl tunneling rotation may oecur betweeri the 
.., 

same torsional states (but differing slightly in energy due to a barrier 
\ 1 

~ moduiation{aiso occurring), with the difference in energy carried away 
~ , ' (1. 

by a phonon. The emitted phonon would uitimately be thermalized, leading 

to energy dissi~~tion as h~at: Several well-known processes w~re cited 

as support for the proposaI; t?ese were the cases of in4.astic electron .. 
tunneling from one 'conduction band to a lower one through a barrier, the 

" energy' d'1fference befng ~ar~ed off by l ~honon, and an optical analogue, 

in which a monochromatic be~ incident on a transparent médium where the 

" refractive index is ~dulated in time, yieldsltra~s~~tted waves with the 
/' 

original frequency (say vI)-and also two compone~ts at frequencies above 

and below vI by the modulation frequeney. 

Reich, and Eisenberg claim that the most ~{onounced viscoelastiè re-
, 

laxation shouid occur when <V
t
> i8 approximat~ly equai to the ~perl.mental. 

! 

Il 
1 

1 
1 
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frequeney, sinee, if tunneling occurs at a slower rate, then it ls mainly , 

1 • 
barrier modulation (which Is elastic) that is occurring~ and, if tunnelin~ 

ls tl:lking place "at a faster rate, then Most tunneling e,vents are elastic. 

The authors earried out a simyle ealeulation illustrating that the expected 

energy èhange in the proposed inelastic tunneling was of the same order as 
/ 

the most pr~bable phon9n at low temper~tures (say "-lOoK); therefore pho,nons 

produced by the suggested mechanism could itteract with thermal phonons, 

/ 

, 
resulting {n energy dissipation. It was also shown that only a small fraction 

, / 

of the methyls would have ta partlclpate in such a mechanism to explain the 

size of the low temperature lOBS peaks in the methyl-containing polymers. 

r 
The proposed connection between methyl group tunneling and viseo-- - , 

47 
ela~tieity was not, however, universally accepted. Tanabe et al. detected 

" 
small mechanical relaxations in ultrasonic tests at 10 ~z in sevéral ~thyl-

1 

containing,polymers - polypropylene, poly(methyl methacrylate), poly(e~hyl 

methacrylate), and pdly(isobutyl Methacrylate); the relaxations were ob-

• 0 0 
served at '\.220 K for the methacrylate polymers and at '\.160 K for polypropylene 

-
and wer~ ascribed to the motion of methyls attached directly to the polymer 

backbones. These authors concluded that methyl groQP motion led to me ch ani­

cal relaxation, but suggested -that QM tunnelibg was ineffective as a 
/ 

."" 
mechanism. They arr!ved at this conclusion via a summary of dynamic mechanlcal 

'and ïr" ~Og v .. rsus liT data for methyl groups in four types of molecul.~ 
environment - those attached to tertiary carbon atomS', secondary carbon 

atoms, CH2 units and oxyg7~ atoms, if being assumed that the barriers to 

rota~ion-would be comparable for each type. (I~-is ~nteresting ta note that 

44 ' Eisenberg an Reich also co~pared similar polymer types in their prop~saf 

. t 

J 

, l 
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and opposite conclusion as Tanabe et al.; i.e. that quantum 

~li1g could explain the low temperature viscoelastic data.) 

Support for an interre~tion_of met~yl rotational Junneling and 
- 1 48 

v scoelastic relaxation has a1so emerged; Sauer has rev~ewed the low 

phenomena observed in several methy~-containing 
,/ 

olymers and has noted that the generai pattern followed by methy1 motions 

-15 intermedlate to that predicted by classical and tunneling theor~es. 
• 1 
\ suggestiig tha~ quantum effects will be manifest' at v~ry low temperatures. 
~ ... fl. . J 

- i 49' -
~lUb 1 ard Perepechko measured the velocity o,f longitudinal and transverse 

, d 
ultrasoryic waves in PMMA at 1 and 5 MHz'and temperatures from 2.1 to 240 rK; 

'C 

\ they found tha t. /the ve1od.ty continued to increase with decreasing tempera-

\ ture aIl the way down to 2.loK, and attributed this result to the occurrence 

• \:~- rotational QM tunneling of methyl groups, along the Hnes of the, Reich 

~nd Eisenberg model. 46 In âdd1tion, the y claim that a dispersion in the 

4 0 • 0 ' 
'velocity exists at "'140 K at l' MHz and '\1160 K at 5 UHz, and that this re-

laxation might be due to . the side ch~in ~ethyl motion. It would seem more 

.reasonable to ascribe this to the hindered rotation of backbone methyls, , 
47 , however. in rough agreement with the observations of Tanabe et al. It 

# should be noted also, ~hat the relative eJror in their ve10city measure-

ments 15 stated by Golub' and Perepechko as being_~l%; this would he 

" expected to make the observation of the smal! methy1 dispersion very 

'r ~~~ f~cult 1 as will ~~come apparent from the da ta reported in this thesis. 

'"~Rdeed, what they observe is a change in slope of the velocity/temperature 

curves, and not inflections Whirh are characteristic of mechanical re­

laxations. Thus th~'temperatures they suggest for the relaxation may be 

1 

" 

.' 

~ ; 



( 

l 

.. 

- 27 -

• 
1 

only approximate. Nevertheless, the observed velocity increases at very 

low temperatures may indeed suggest a QM tunneling phenomenon, perhaps 

related to motion of the ester methyl in PMMA. 

Additional support for the QM hypothesis has arisen from the neutron 

50 51 incoherent inelastic scattering studies of Allen and co-workers, ' who 
~ 

caleulated the thr~e-fold bar~~ers 'to rotation (V 3) of the a-(or backbone) 
n"-" ... - ..... 

... 'S .. "l...--

methyl group in syndiotactic and isot~tic PMMA from ~easured torsional 

fr~quencies of the group. (lot was necessary to prepare isotac tic PMMA-COOCD3 

in order to obtain a reliable value for the isotactic polymer.) The improved 

51 
results led to potential barriers which, agreed better with V3' s calculated 

from existing NMR experimental data for PMMA by assuming-that methyl' tunneling 

was operative than with aetivatiol]" et;1ergies cale)Jlate~ by assuming Arrhenius 

rel? tionJhiPs . 

For several non-methyl containing systems, tunneling has been connected 
1 • / 

with viscoelastic and-dielectric relaxation: Jaekle
52

. eonsidered a model 

for 1 a g",laSSy solid in whieh atoms (ox:, groups of atoms) possess two eq~iÎi~r:um 

positions within an asymmetric double weIl potential. At low Femperatures, 

" transitions between the two ground states are possible by tunneling, with 

a phonon absorbed or emitted, providing a mechanism of structural relaxation. 

• 46 
This picture seems similar to that proposed by Reich and Eisenberg to 

explain energy dissipation by a tunneling methyl group where asymmetry in 

the barrie.r resules from modulation by an external excitation. ,JackIe 

4erived the ,sound absorption from this r~laxation process land compared the 

result with recent experimental data for the ultras,onie attenuation :f,nl" 
o . 

fused siliea at 2 GHz and 1 to 2 KJ ,obtaining qualitative 'agreejent between 

~ .. ; J1. 

1 

1-
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'\ 
the ory and experiment. Very recent1y, Yalo et a1.

53 
studied the die1ectric 

~ 
, 1 

1055 in jdgh de,nsitty polyethYLene ,from 1.5 ta 4 .2
0
K at 10 Hz to 10 KHz, 

) 

concluding that 10w t~mperature peaks were due to phonon-assisted tunnelihg 

of hydroxyl protons accidenta11y attached to tertia~y carbon-atoms. A' 

1 
potential calcu1.:ition, for: the OH rotation within the distorted polyethylene 

lattice 'suggested that proton!? cou1d be pr~sent in a double weIl potential, 
~, 1 

,~ 

which (as ha:~ jus t been discussed) can lead to 
l '1 

tunneling-related structural 

! r 
the an9malous thermal T[têF{ 

• 
relaxation. It may also be mentioned~here that 

54 perties of glasses at low bemperatures can be explained qua1itatively by 

, 55 
theory involving "tunne1ing-leve1-pairs". 

Literature data on mechanical relaxations of methyl groups in poly-

611 
mers' has, however, proved insuffieient to distinguish between tunneling-.. -
and thermal activation. This is because very 1ittle viseoelastic data, 

- ,'" , , 

espeCialjY high preCi~ion resu1ts, ex~st'for ~ethYl relaxations in generaI, 

and t~e which dO, exi~F eove~ only lfmited temperature and frequeney regions. 

Ev~~ occurrence of methyl,peaks ,is surprising, sinee methyl rotation 
( 

under a symmetrical three-fold potential is not expected to result in 

11 ' 
meehanical loss. Nevertheless severa1 mechanieal peaks have been ascribed 

t 'o' h l 48,56,57 met y groups. 

1 

The principal objective of this thesia is to resolve experiméntall~ 

the question, of th;:~vo1vement"of methyl tun~~ling, in viscoelastic re­

laxation. For this purpose an experimental examination of the y relaxation 
, . 
in poly(methyl methacrylate) was launched. This relaxation was chosen, since 

it had been identified as due to rotational motion of the backbone methyl 
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• 
: 

group,6,41.,,58,'59 and is' exp~r;l.mentally accessible in convenie~t, freq'::lency 

and temperature regions. Of great importance ta this investigation is the 

effect Qf isotopie substitution on tunneling, which is weIl known. In 

particular, the 'influencé' of 'deuteration on the ro tational tunneling fre-

, . 60 
quencies of.methyl groups was examined by S. Reich, whose'calcul~tion 

. 23 
(based on the theory of Stejskal and Gutowsky ) is given in detail in 

. . 
Appendi~ l, for the conve~ence of the reader. Rèich's treatment ~howed 

that deoteration should lead to only very minor changes in tbe elassical 

region, while producing a'profound'sh~ ~o lower/frequency in the 

tunneling region. This i8 illu8t,rated in Figure 7 f~r methyl and deutero­

methyl groups in-a'potential well'of 5.9 Kcal/mçle. 
,-

!WO features' apparent in Figure 7 provide the basis .'for this experi-
.,.~ 

~ental study. First, if the temperature dependénce of 
: 

viscoelastlc 

! 
energy dissipation peak is of the Arrhenius type over enti re range, 

... 
then tunneling 18, unlikely, while a levelling-off would upport tunneling. 

Our accessible frequency-temperature region (shown as th area enclosed 

by the' dat,ted.lineis, in figure 7) indicat:e8 t'bat this lev lliI\g-off, if 

present, should be seen for the non-deuterated, polymer. / 

effect . The second fe~ture whicn can be investigated ia t • 
, 

If it were shown that the behavior of the material cont deutero'::' ' 

methyls i8 very' c~ose ta tha t of t.he non-deuterated anat~g'ue t then 

tunnè11ng would be'excluded, while the presence of-an i~otope effect 

of the t~pe shown in Figure 11. would p~ve th~~ tunnelLng-is i1deed in-
1. ~ ........,.fl 

volved in viscoelastic' rel~~tion. It shoul~'be emph~si~ed th~these . , 
~ 

criteria are based on the assumption that the theory of Stejskal and Gutowsky 
'! . ) " /1 • 

• 

la valiQ i~ its e~ential features-in its description of the tunneling process. 

e 
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THEORETlCAL FREQUENCY-TEMP RATURE RELATIONS FOR METHYL AND 

DEUTEROMETHYL REORIENTATIONS BY CLASSICAL ROTATION AND QUANTUM 

MECHANICAL TUNNELING FOR A BARRIER HEIGHT OF 5.9 KCAL/MOLE., • 

mE DASHED UNES REPRESENT THE CLASSICAL CASE AND THE AREA 

ENCLOSED BY THE DOTTED LINES ,1S THE REfl0N ACCESSIBLE BY THE /' 

EXPERIMENTAL TECHNIQUES USED HERE. 
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(' 
" c.- L!TERATURE REVIEW OF MOLECULAR IDTroNS IN PMMA 

'- r 
1. The' Overall Transition Hap: 

As a material'of great commercial importance. convention al PMMA, 
, 

> the structure of which is given in Figure 8, has been much studied 
1 
1 by dynamic mechanical, dielectric a~d NMR techniques. The literature 

data up to 1967 have been quite thoroughly reviewed fY McCrum, Read 

and Williamsll and by McCal16 who presente~ the results in the form 
( 

of log v versus 1fT plots. The combined data from these two studies 
, 1 

, 

h~ebeen augmented by additiona! literature results for methyl ~roup 

i i PMMA31,34,47,49,56,61 "Id h i i i mot ons n - ta yie t e trans t on map g ven . 
in )Figure 9. This shows, with decreasing temperature, the glass 

! 
transition relaxation (~), the ester side group motion (6) and a 

/' 

dispersion due ta water impurity (labeled iH20'). AlI of the points 

, 1 
at still lower temperatures are ascribed ta motion of backbone methyl 

groups (y), with tge exception of the points in the vicinity of 
. 

1000/T :'13, which are attributed ta the Sidelchain or ester methyl 

group (d). 

The methyl motions are interpreted as rotations of the group, 

and are not expected ta be dieleétrically active since no change in' 

r ' 
di pale moment would be occurring. This appears ta be confirmed by the 

absence of dielectric data for th~ methyl regions of Figure'9. It c~n 

be seen that previo~S"~iteratur~ data for the'backbone methyl or y 

" 

-'-,relaxation are v.ery scattered; there haove been few mechanical values 
\ 

( 

~aijd the NMR inform~tion has been limited ta fairly high frequencies, 

\greater than about 103 Hz. From previous results, 'it has been-1l:lifficult 

to draw/any conclusions insofar as the mechanism of relaxation i~ con­

cerned. 

" 

( 

, 
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'nIE STRUCTURAL FOlUfULA FOR. THE REPEATlNG UNIlf lM PMMA. , 
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FIGURE -9 

TRANSITION MAP OF LlTERATURE DA~A FOR CONVENTIONAL 

POLY(METHYL METHACRYLATE). 
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2. Literature Results for the Backbone Methyl Relaxation: 

a) NMR Data: 

. ,._, It ~s wrrthwhile, at this point, to consider ,the literature 

results for ihe backbone methyl motiort in sorne detai!, sinee it 
1 
1 

is~o this relaxation that the tunneling;hypothesis i9 ta be 
1 

applied . in this t'hesis. The NMR evidence 1 ls more extensive than 
..... 1 

th e meehanieal ~ ta. and will he dise USSrd fi rs t • 

58 Powles appears, to have been one lof the first researchers 
l ' , 

to observe the b~1Ikbone methyl relaxatio~ in PMMA; ~n 1956, he 

carried out line width and second moment' studies on that material - , 

, o· 
over the temperature range -196 to ~ 200' C, and d~scovered a 

o transition at ~110 C corresponding ta a frequency of molecular 

mftio~ of '\,101+ Hz. 1 Powles suggested t~aJ: bath 'main and ,side chain 

methyl groups might be responsib1e for the motiona1 narrowing, but 

it now-seems evident that on1y a-methy1s are involved. Three years 

1 '\ d d h 1 62 h ff i MMA ater Hen us an o,t ers, observed t e sarne e ect n P con-
1 

taining 0 .. 2% water', finding a change in line width centered around 
, 59 

167°K at '\J4.4xl0l+ Hz. Sinnott also measured the NMR 1ine width 

and second momen; in PMMA as a function of temperature from 770K 

o 
to '\,400 K. He found evidence of a mo1ecu19r re1a~tion occurring 

oyer a very wide temperature region (~130-2300K) at '\,104 Hz which 

he attributed to motion of the a-methyl groups for the following 

reasons: theoretica1 calcu1ations of the magnitude of the second 

moment and of the mIR line shape for (1) a c~~PletelY rigid 

i' 

. 
~Çf( _, .~ .. ~ r. ~. h _,1 :,:~".~, .'::~_~ w .. ~~~~ .:: •• ~_.L..t~::.~u'-,j~,~~,,: 'tH _ "d .. ~ç.::';:;~ er;;z::;;:;;;-;-;-z;;.:r; *è,:,;' f'&4fWd' 
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1 
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f 

structure, (ii) h!ndered rotation of one methyl group and (iii) 
/' " . 

hindered rotation' of bath methyl groufs, whfon compar d with ex-

perimental values of second moment and the observed ine shapes 

o 0 0' 
at }7 K and 300 K~ suggested that at 77 K (1.e. at a temperature 

below the wide relaxation region) rotation of one, m thyl group 

o was occurring, while at 300 K (above the transition bath methyl~ 

were reorienting. Moreover, poly(methyl acrylate) 

studied showed no similar relaxation in the 

had ita methyl undergoing rotation at 77°~, 

culations indicated. Thus it was very reasonable 

o the methyl group which was moving at 77 K (at 

polymers was the ester methyl and that it was 
1 

a which began ter move at "'130 K, 

crease cente'red around ISOoK in 

a1so 

yet 

retical cal- , 
- ( 

o conclude that 

lt Hz) in both 

a-methyl of ~ 

/ 

Ji and Sauer effec tively confirmed Sinnott' s their 

study (from nOK) of the NMR Une width and moments of four 

polymers, inéluding PMMA, which contained methyl groups: 

aIl four po]ymers displayed marked" second t changes in the 
~ 0 ", 1 ~ 

100-250 K region undoubtedly due i t~ the occur a-methyl 
1 

motion. Odajima et al. calculated correlation at 

various temperattires within the relaxation re 

i 
deviations from I1nearity in log v versus lIT (as has been noted 

previously). Their points for PMMA have been incluaed in the 

11terature transiti~n map presented as Figur 9. Kosfe1d and von 

34 Mylius, 'in a more recent wi-de line NMR ,stu y which covered 

J 
" 

J , 

/ 

1 

! 
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o temperatures down to 5 K, have pre1ented results for the a-rnethyl 
, 

transition in the sarne waYj t~~se~results have similarlY/been 

placed in ,Figure 9. It is interesting to note that this low tem­

perature study detected what is presumab!; the ester methyl re­

la~ation below ~750K (~~l05 Hz) for which a levelling off of the 

freq~ency with decreaslng temperature (indicative' of a QM tunneling 
1 

me chani sm) is ap~rent. t-

In addition to NMR line shape 
f 

severar1investigations 
/' 

of the spin lattice rela:itation tirnr Ti" s a function of temperature 

,i • / 6~ 
have provided evidence of the a-mèthyl r laxation in PMMA. Kawai, 

in 1961~ located a Tl minimum at V
c 
~O MHz and 2630

K in P~MA, which 
,l, 

he ,ttributed to the main chain methyl groups on the b~sis of the 

occurrence at about that temperature f a Tl minimum in two other r 

methacrylate polymers studied. Kawa however, a180 sUgge8ted that 
~ 1 

eater methyls were involved in th' relaxatiori (which is what 

58 . 
, Powles origi'n~l1y the reasoning behind this sug-

gestion is not clear. Moreover 
• 0 

a decrease in Tl belo~ ~lSO C ls 

,occurr:ln~, probably due to th; freezing-in of the ester methyl "" 

motion. Powles and Mansfield64 observed a Tl minimum at ~250oK in 
, 

an experiment at v ~35 MHz on commercial p~~ containing ~.l% 
, c 

, 
monomer, in close agreement with Kawai's result, and tentatively 

assigned the relaxation 
/ / , 

to the main chain methyl mo ti,on • 1 Powle s, 
\ 

,6 65 
Strange and Sandiford later presen'ted resul~s for 

~"". ""re than 90% syndiot~ctic and for an i~~ta1iC 
Pl-fMA which 

Il 

~ -_~-*_ ~ ... _~~4UJ;·~_~1~1~~-""'~1""---':-"--- ",~ ~ 

~,:.,~._ ... :: __ .1 ~":":L?- 1'J.
f

' ~"""""i"-~I... '0..,/',,1 

... 

.~ "" . .-

specimen which 
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/' 

, . 
was stated as containing less than 24% atactic material.,The Tl 

minimum (~t \/ c "'35 MH~) m9ved from 'V260
0
K in the syndio tact~c 

a L 0 
ma terial "ta "'220 K in the isotaetic polymer - a shift of ~O K, 

which, interestingly, was almost the same as the ~bserved shift 

in the hllgher te~perature sofr-ening transition • ..connor and 
l , 

66 
Hartland Iater extended these experimenvs to lower frequency, via 

, , 

T
IP 

measurements ( \/e '\1104 • 7 Hz) on conunercial and isotaetie ~ 

(the latter again containing <24% atactie material) finding 

minima at IOOOIT values of '\16.3 and 8.0 r~pectively. 
/' . ' 

b) Dynamie Meehanical Literature Data: 

The ,evidenee for adynamie mechanieal 

ta the b~ckbone me~hyl motion in PMMA is somewhat limited. H 

62 " " 
et al. have reportedrnechanical loss peaks at four frequencies , 
in the temperature and frequency regions of 250 to l200 K and 106 • 5 

to .10 3 Hz respectively in PMMA eontaining 0.2% water; these data' 

are consistent with their observation of an NMR line widt~ narrowing 
• ,-;> 

located at '\I167°K (v '\I4.4~104 Hz), whieh has been ascribed to 

a~methYl moti;n. TheCauthors ~i~ not !report the ~ctual tan ô versus 
1 

- 67 
temperature curves, however. Sinnott measured the shear modulu~ 

o 
and internaI friction of PMMA between 4.2 and 100 K with a low 

temperature t:orsional pendulum operating at ~8 Hz. Wi'thin the 

precision of the ~st, no relaxation was detected over the tem-

perature region studied. An increase in tan 'ô was, however 1 ob-, 

\ - 0 
served for decreasing temperature below "'20 K; it was postulat~d 

that this might be due ta the onset of the ester.methyl group re­

ori~ntation. In a Iater publication, which dealt mainly with NMR 

1 

1 \ 
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59 
evidence of methyl motion, Sinno~t stated that a smal1 lOBS .. 

, Ok 
peak had been observed in PMMA at 100 and approximate1y 1 Hz, 

and assigned it to the main chain methyl motion. Except for this 

1 single ~oint (for which, incidentally, t~e tan cS curve did not 

appear) there i8 no other dynamic mechanical evidence for an 

Cl-methyl relaxation at frequencies below "-10 3 Hz~ 

56 
Bordon!, Nuovo and Verdini , have, however, eatried out some 

high preci.sion dynamic mechanical tests of the flexural vibration 

type on bo t;h plas ticized and unplasticized PMt1A specimens, locaUng 

smail relaxations for those materials which are in the frequencyl 

temperat~re regian expected for the a-methyl motion (as indicated 

by the NMR results). In the unplasticized specimen, the transition 

• 0 
was abserv4}d at "-110 K at a frequen~y of "-7 KHz as bath a peak in 

tan cS (peak height "-0.0002) and an inflection in the resonant fre-

q1,lency (relaxation strength of the arder of one part per thousand) •. 

A s.econd very smal! inflection in the frequency ls possibly present 

o 65' i 
at ~160 K. Powles et al. have suggested that Bordoni's peak may 

,- he due ta plasticizer. Jrtiere"is sorne support, for this iyt the work 

.1'\'- 68 
,of Crissinan, Sauer and Wo.odrard, who carrfed out, dynamic mechanieal 

tests in the 6-300
o

K rad'ge at "-104 Hz on a longitudinal vibration. 

1 0 

apparatus; they found that unpurified commercial PMMA gave two 1088 

maxima at ~14 KHz - one al: 42
0

K and the other at 140-170
o
K, which 

were net evident in a test at "-9 KHz on more purified màterial. 

There is, however, a hint of an inflec tion in the modulus in the 

latter test at ~130oK, althou~h the'test pretision ls insuffièien~ 

l' 
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1 
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to c01}firm this. Such a temperature and frequency location would 

be consistent with the a-metbyl coordinates fr~ NMR work; it may 
/ 

" 
be suggested, here that detection of the a-methyl relaxation in 

o 

dynamic mech~nical studies may requin! a high degree of precision 

in 'the test, and that it i5 for this reason that the mechanical 
;' , 

~vidence for this dispersion is sa meagre .. It should be added here 
\ 1 

69 1 
that Shenr Strong and Schlein have observed a very smill loss 

peak (tan ô peak height of the order of 0 .O~O~ in an acoustic 

f ' 0 
spectrometer test on bath water-swollen :md unswollen PMMA at ""*0 K 

1 ... ::1iO' 

" 
{and pr~bably "-800 .Hz, al though the exact test frequency i8 not 

glven), wtticr may have its Origln with the a-methyl motion. 

\~ ..... -~, 
Ultrasonic tests 'have perhaps given ,the clearest indications 

of the a-me thyl ma tion in PMMA. l t has already been mentioned that 

47 
Tanabe et al. detected a,\ peak at 'V220

o
K and 10 MHz in PMMA wh~ch 

f , 
they assigned ta the baCkbfne methyl h:i.ndered rotation. This was 

.' , 1 
a fairly large p,eak, with tan~ ô peak height of '\.{).03. Another 

m,-!ch sma~ler shouldèr (say one-te~th the peak height) may be present 

o at '1,,250 K. Hayakawa et 
1 . 

measured the velocity and attenuation, 

of ultrasonic waves at 3 
1 • 

z in PMMA and found a similar pattern 

o - a 1055 peak at '1,,160 K "r! a tan ô peak height of 'V() .003 which 

the authors assigned to a \~hYl rotatton, and ~ smal1er shou1der 

(height "'Û.OOl) at 'V210
o

K. Last1y,. the ulttasonic,velocity data 

9 of.. Golub' and Perepechko, which was p,reviously described in S01De 

detail, should be sutmnax:i dispetlsions were observed at 147
0
K 

1 • .. 

longitudinal wav,:s, and at l3SoK (1 'MH-r> and 165'?K ~5 MHz) 1 for 
/ / J 

J 

.. 

* .~,.~ _ _'~~~'_,._,",_r~.~_ ...... __ _ 
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, 

- . (l: MHz) and 15.()°K (5 MHz) for shear waves; it should b~ /,Ire-emphasized, 

.. though,. that change'S in' slope of' the velocity/te~perâture curves were 

fouiid, and" not ~nflect:lons .chl\facterist!c'- of. mechanical r~laxa~ 
1 ~ny 

1 11. EXPERIMENTAL TECHNIQUES 

, . 

A. S~LE PREPARA~I~n AND C~CTE~IZATION BY .. HIdt" RE~?"LUTION 1 ~: 

\' 

Nonrdeutetated PMMA-Ha and its' fully deuterated analogue, 

PMMA-Da, were p~epared, the ,latter synt~esis having been accomplished 

in collaboration withpr. E: Shohamy: Commercial methyl methacrylate 

(MMA-Ha), 'was firs.t purified by extract;i.on wit\;l an aqueous solution of 
, 

NaOH and NaCl to remove the h>:~roquinon~~ inhib~t6r pre(rtt~"a~d dri-ed 

over sodium carbonate; it was then bulk polymerized under nit'rogen , ,.... ~ ~ 

. 0 ' 
~~t 80-700 C by the free radical method using a~o-bfs-i.~obutyronitrile 

(0.05 weight %l as int>ti4,tor, after several freeze/thaw cycles under 
, .' '. . !.' 
vacuum to remove dis$olved oxygen. The polymer formed owai pur.ified -

br disso~ving in,methylene Ch~orid# and reprecipitat~ng rith methànol. 

,The deuterated monomer was syntnesized by th~ sta1dard modified 

70 acetone ~ cyanohydrin procese us~ng deuterated s· (>99% D) 

thr~~g~out. This re~ction proceeds in two steps 

Preparation of. Acetone Cyanohydrin: 

• t 

.. 
9 S CD3 

C03-D-CD3 D2 0, .. CD -e-OD 

acetone-D6 

NaCN 3,_ 
C=N 

/ 
acetone cy. ano­
hydrin-D7 

WS: 

-
.. 

\.) , 

l, 
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StiP 2: Preparation of Methyl Methacrylate: 

aeetone eyano­
hyddn-D7 

CD3 
1 • 

CD2=Y 
C=O 
1 

OCD3 

methyl meth­
acrylate-Da 

/ 

............. 

, . 

t>-I 

The synthesis of deuterated acetone cyanohydrin (Step Ir involved the 

dropwise addi tion o,f 40% sulphuric acid to a ehilled aqueous solution 

of sodium cyanide and aéètone, with 'vigorous stirring. The 'final re-

action mixture was. allowed to stand overnigh t in a cooled state, during 

which time a separation into two liquid phases had occurI'ed. The o'rganic 

phase was ~olleeted and the aqueous phase was extraeted with diethyl 

ether, with the ether extracts added to the previo~sly separated organic 

phase, which was then dried over ~nhydrous magnesium sulphate aJd 

suction f:lltered. The ether was removed by rotary evaporation and the 
J 

, ' 
,remaining ma'teria! was vacuum distllled, with the deuterated aceto)le 

tl 1· 
i 0 

cyanohydrin collected, at 56-57 C at 0.6-0.8 mm Hg. For a charge of 50 g 

acetonetDs, 31 g of aeetone-cyanohydrin-D7 product was recovered by ,1 ,t llf 
this procedure. To ensure' complete deuteration, the synthesis was 

carried out in D20 media, sinee acetone can exchange its protons with 

thé' so'lvent via keto-enol t8Jltomerism • 
.. 

The synthesls of deuterated methyl methacrylate from acetone / 

cyanohydrin-D7 AStep 2) cobsisted of adding the latter dropwise into, 

a flaak eontaining hot concentr'ated D2S01t to which a small quantity of 

r 

.- ' 

l, 
[. 
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tannie acid 'had Jeen added. Upon completion of th;' addi tion, the tem­

,P,atur~ was raised from "SO-900e ta 1350
e for one-haU hour, and then 

a lowed to fall to 60°C at which time D20 followed by the methanol-D4' 
>. 

to the reac tion mixture. A simple .distillation was then 

out on the final flask contents with the distillate boiling at 
1 

co11ected. This distillate (an azèotrop~ of methy1 methacrylate 

and wa ter) was dried over rnagnesium sulphate and filtered. An NMR ' 

spectrum taken of the MMA-Da produced showed no hydrogen peaks. For' 

25 gl acétone-cy;~ohydrin-D7' "'8.5 g of MMA-Da were produced and used 
~ ,r 

for polymerization by the free-radical procedure also used for MMA-He. 

Again purification of the polymer by dissolving in methy1ene chIo ride 

and reprecipitating with methanol wa~ 'carried out. 

Samples of isotactie and Syndiota~ti,c PMMA-He (kindly 8uppli~d by 

Dr. B. ,Ginsburg, Rohrn and Raas) were ,a1so used in the presen't study. The 

tacticity of PMMA-Hs samples cah be determined by high resolution pro ton 

7172 NMR s tudies 0 f thé backbone methyl absorp tion. ' Typieally, three , " 
'closely spaced peaks are found nt a chemical fl.hift of about 1 ppm; these 

~~ r 
correspond to syndiotactie, heterotactic and isotactic triads in order 

~ , 
Af lncfeasi~g chemicai shift. Figure 10 con tains 100 MHz spectra for 

lhe backbone methyl regions of the PHMA-He samples used in this study,' 

as obtained onla Varian HA-IOO spect-;'ometer. The polymers ~ere tested 

. 0 
in metnylene chlotide solution (8 .~7. Weigltlyo!ume) at 30 C, CII2C12 

having been ael cted as soivent sinee it gives better separation of the 
l ' 

r . 73 
three backbone m thyl peaks than do other solvents. The syndiotactic 

methyl peak e sean at 'VO.9 ppm, thé heterotactic at "'1.1 ppm and 
\ 

\ .. 

1 
1 
1 
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FIGURE 10 

100 MHz SPECTRA OF FREE-RADICAÎ., 'SYNDIOTACTIC' AND 
, 0 

ISOTACTIC PMMA-Ha IN CH2Ct2 AT 30 C, SHOWING'pACKBONE 

METHYL PEAKS. 
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the isotactic at 'Vl.25 ppin. The relative percentages of the three 

\ 
tac tic species as calculated from peak areas are given in Tab~e l 

1 
below, along with the densitids (at room temperature) of the molded 

~ / " 

samples . 

TABLE 1 
,,! 

AREAS OF BACKBONE METHYL INMR PEAKS A~ DENSITIES FOR PMMA SAMPLES 

J 
1 

Density of Content of Tr1~ds 
Polymer Type Molded Samples " 

(gl cm 3) % Iso 7- Retero % ..syndio 
. 1 

, 1 
Free Radical PI·!MA-Ha 1.18 8 37 55 

'Syndiotactic' PMMA-Ha " 1.16 6 32 62 

lsotactlc PMMA-Ha ~. 22 9-3 7 -" 

Free Radical PMMA-Da 1.28 
1 

" 

/ 0 , , ~ 

. ,-

1· 

From Table l it 'is evident thàt thè free-radicallt polymerized 

". 
PMMA-Ha used in thisstudy contains mainly syndiotactic and heterotactic 

• 1 l , r 

tr~ads in an.approximate 

free radical PMMA. (This 

ratio of 3 to 2, which ls generally found for 

ratio .J/y. be assumed ta hold forl th~ P~-Da t 
which 'wes polyme'rized in the same way as,the free radical PMMA-Ha.) The 

1\ a / ~ 

- . 
'syndiptac tic' PMMA-Ha. is similar ta the free radical PMMA, except that 

i t has a higher syndiotac tic to hetero tac tic ra tio of abou t 2 to 1:' The 

isotactic sa~ple cons~stj almost enti~el~ of isotactic triads. 

/ 

1 
• J 

) 

, 

• 1 
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Il 

B. DYNAMIC MECHANICAL TEST 1 NS'l'RW1ENTS : 
/ 

1 

In or:der ta elucidate the backbone methyl relaxation in PMMA, it 

was ~ecessary to carry out dynamic mechanical tests over a wide frequency 

and temperature region. Accordingly, specimens of free~rad1cally pre- 1 ; 
1-

/ 

pared PMMA-He and its fullY deuterated analogue-\rMMA-De) were compre sion 

o C 0 74 
lOO!ded at 'U20 C ab ove ,their T of approximate1y 105 C and invest gated 

g I? 1 

usin~ a free vi~ration torsiona! ~endulum with a frequency 
~ 

to 10 Hz, a hlgh precision vibrating reed device 
J /" ,1 ,..-

quency region 2xl0 2 to 2x104 l}l, ~nd/~n u1trasonic app~r employinf. 

the sing~~ crystal pulse echo technJque over ,the 106 0 10e Hz region. 
t 
1 

The 1088 tangent and modu1us were mkasured as a f ction of temperature 
1 

, 
at l:J.pproximatelY con8tl!,nt frequency, over the ranges of the three in-

struments, using liquid nitrogen as coolant. Isotactic 

PMMA,spec~ebs compression molded at rv200 C above their 
" ' 

o 74 
120 C respectively were also" studied ultrasonically. 

and syndiotactic 

o 
T 's of 'V45 C, and 

g 

,It has been in~icated in the Introduction that dynamic mechanica1 

peaks and relaxation strengths due to methyl motions in géneral - and 
1 • 

the backbone methYl!motion in PMMA in particular - are exceedingly small, , ' , ! 
so that a very iligh precision ls required; in the measuremen ts in arder 

r 1 

1 r _ 
. to 'detect them. Previously, moduli have feldom b~~n mea~ured ta better 

1 / l , 

than (say) 1% prec'ision, with methyl ":l0 dons quite like1y going unnoticed. 

In the pr~sent study, considerable ef~ort has been madejto improve the : 1 

pieds,ion of' the. usual dyn~ic mechanical instruments: jan exist~ng , 

1 1 75 ' , 
torâional pendul~m ~ould be used directly but with a modified measure-

(:1 ' ment and calculati.on technique; the existing vibrating re_~d instrument 

! 
. 1 

,-1----· .~.~ .. ~. ,./ .. , --, .' t, .. ' .. , ' .. ,,: ,',_,,,,,., ":,, _ ';"'. \ } ~, 
l't<l' ..... ;.;L1' .. ,J,J. ... _-

/" 

, 1 • 
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( 
whic» employed 76 

an optical detection system did not afford the' re-

q,uired precision, necessitating development of an entirely new in-
1 
/ 

strument (new to this lab) opetating'with a piezoelec.tric detection 
• "77 system si,milar to that described by Fielding-Russell and Wet-ton , but 

Jith a data acquisition system capable of providing extremely high 
',' 

!precision modulus measurements. In add~tion to the development of 'this 

sensitive vibrating reed instrument, an ultrasonic apparatus also capable 
~~ ,­

of very precise measurements, was assembled. This design utilized MATEC 

Corporation electronics and an oscilloscope 'tneasuring technique which 
, ~ 

V8 " has been described fairly recently by Chung. The princ1ples iJ?volved 

in the use of these instruments will be outlined in the next section, 

wi th detailed deScriptions of the vibrating reed and u1 trasonlc techni-

ques given in Appendices II and III; these will enable the reade~ to 

evaluate the tesb precision or to repeat the experiments if he (0 de~lres. 

1. The Torsional Pendulum: 
,-

\ 
This instrument ts of the inverted type and has been described 

75 
pteviously, in detail. A schematic diagram of the experimental set-

up i5 given ~n JigUre lIA; ~ sped1en of rectangUla~ cross-sed'ion 
1 ·r 

18 held in a fixed clamp ftom below and an inertial clamp, from above. 

Th~ 1.ert181 elamp 18 .tt~:~~d to a ~rOS.b.r (the 8o-<811ed lnertial 

arms) ~ch_may or may nJt êarry weights, and the whole assembly i8 . t / supported by a' wire. ln a test, a twist ls applied",to the inertial 
/ 

arma, setting up a torsional oscillation in th! sp~cimen; this motion 
l ' 

la d tected either optically or otherwiae and recorded, providing 

al with the appearance of -the one shown schematically in Fi&ure 

fom of the signal is that of an exponentially decaying 

+ 1 

.1 
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c. 

( 

FIGUEE lIA 
, 

SCHEMATIC DIAGRAM OF A TORSIONAL PENDULUM OF THE INVERTED 

TYPE.' 

.... 

. -
" FIGURE llB 

SCHEMATIC DIAGRAM OF THE EXPONENTIALLY DECAYiNG SINUSOIDAL • 
\ , 

AMPL:ETUDE OBTAlNED IN A TORSIONAL P1iNDULillt TEST. 
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• 

The reaJ and imaginary shear moduli (G' and G" resp'éctively) 

and corrected 10ss tangenb (tan!,6è Were ca1culated from the following 

79 
equations: 

4rr 2M G' , = b 

/' 

and tan ô 
, G' , 

c -, G' 

1 
... f'""2" 

o 

tan 0 

T 2 
A 

a 

(tan 6/2J 
t 4T 2 

A 

./ 

where b ~ wt3~/16t'is a ,factor depeniing on ~amPle shape, and tan 0a = 
6/rr is the apparent,loss tangent. Here, M and T

o
' the moment of inertia 

and period of the oscillati~g system respectively, are instrumental 

constants, measured w1thout the specimen in place; w, t. f. and ~, are 1 

specimen width, thickness, length and shape factor80 respectively. Ilie 

1 

llogarithmic decrement 6, which is the slope of the plot of the ,nat~ra1 

, logarithm of amplitude versus number of oscillations. and TA' the 

oscillation period with the specimen in place, are measured as à 

function of temperature.,The ~eSign was such that specimens coulQ be 

cooled from room to liquid nitrogen temperature. while under an 

atmosphire of dry nitrogen. 

In order to at~ain the high precision'in G' necessary to detect 

very low strength relaxatirns, accurate measurcmcnts of os~illation ,_ 

period were perfor~ed; at each ~emperature, the decay was allowed to 
• 

- ,? 
proceed until oscillations were no longer well defined (which depends 

the magnitude oL tan 6 and on the ,noise level), and the time 

corre~o~ding to a large number of cycles was ~asured dir~ctly from: 

'. . 

/' 

. ! 
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° fhe chart. For ~D8, at temperatures less \ than "'-150 ~, 400 cycles 

1 

could.be counted in this way, leading to a precision in G' approaching 

1 part tn 1000. Accuracy in tan i was obtained by measuring every 

twentieth oscillation amplitude and 1east squares fitting this data 
'_ ... 1 

(corrected for noise) to yie14 the logarithmlc decrement. On~y data 

d · t 1 i 1 li d (i 1 than n·lo) correspon 1ng 0 ow tors ona amp tu es .e. ess u were 

treated, since higher amplitude oscillations did not a1ways fo11ow a 

loga~ithmic decay. 

2. The Vibrating Reed Instrument: 

The Vibrating Reed technique i5 a dynamic mechanical, technique 

by which the 105s t~ngent (tan ô) and the Young's modulus'E' of a solid 

(modu1us range ca. 108 to 1012 dynes/cm2) ~an be determined over the 
\ 

frequency ~ange of ~lOO Hz tei 5,000 Hz. The ~eth~d inVOIVej the forced 

vibration in the regiori of the resonance frequency ot a rod of material 

clamped;at one end as a cantilever, with vibrat+on usually excited by 

means of magnetic çoils. 

The vibrating reed instrument adopted for this study was a high 
) 

precision device in which vibration amplitude was measured by means 

of a piezoelec tric !detec tian technique; it was balied on the des~gn of 

Fielding-Russell and Wetton,77 (denoted FRW), as has been prevlous1y 
. 

~tioned. A lower frequency vibtating reed with a novel optieal de-
I 

76 r , 

tection tec~nique and an acoustic spectrorncter based on th~.design 

81 of Schlein and Shen a1so saw sorne 1imited use. The FRW method employs 

thicker specimens than the optical technique ~nd is generally used in 
1 

the frequency range of ~500 to 5000 Hz; use of weights may extend the 

r \. 
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_ technique to lower frequencies, however, while use of overtone fre-

quencies may: extend i t to higher frequencies. ~he' temperature of the 
, l, 

o 
sp~cimens could be varied from room temperature to -210 Ct which was 

achieved by pumping ~n liqu~d ~~trrgen. Pressure w.itnin the low tem­

perature cell was generally' mainta ned at 2 cm,~g, controlled ~o 1 

±O.OS cm, to optimize heat transfer within the cel1 on the o,ne hand 

and mlnimize energy 1055 due to gas pressure on the other., 

v 
A schematic diagram of the apparatus, with component descriptions, 

is given in Figure 12. Operat~on of the components iJl as follows! 

triangu1ar wave generator G acts on Frequency Synthesizer A to p~oduce 

a steadily changing frequency which 18 applied to magnet M. The Magnet 

attracts and repels a meta! tab g1Jed to sample S,, setting up a vibration. 

Transducer T detects the vibration sending a low-level signal via , 

shielded connections to amplifier D. The amplifièd signal 15 applied to 

the Y-axis of X-,! recorder E aqd the trianltular wave is -simultaneously 

applfed to the X-axis, resulting in the plotting-out of,.- a reson.1nce 

Curve. Thus a curve of amplitu?e versus freque~~y i5 Plotte~ for the 
~ 

resonance region, .1n4-, analyzed ço yiel d the "desired mechanic:;\l pro-

~ 82 
perUes, tan 6 J E'an\! E' '. through the use of the following equations: 

/ ' 

Loss tangent: 

Moduli ~ 

tan ô "" 
(Af)" H.W. 

l3'f 
o 

E' = 38.33 (t~P)f 2 
t 2 0 

and ,E" = E' (tan 6) 

( fund.1mental) 
, --' 

'-

, 
where (Af)H.W. 18 the, width at half peak heigh~ of the resonance curve 

1 • 

0'" :- "-?,,;: __ • --.-,;:, ''- : ~" , 
- &;;<- ~ r" '101... ' ., ,," .. 11. 1 

1-"1' 
, "1 

;' '1"· - .. 

1 
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or <the second overtone, i t ls necessary to replace the constant 38.33 

in the equation for the storage modulus E' by 0.9758 or O.~244 re­

spec ti vely • 

An elect~nic frequen~ counter (C in Figure l~) was incorporated 
/j 

into the FRW design, allowing measurement of the reSonance frequency 

f to approximately 1 part in 50,000 for polymerspecimens at low tern­
l'' 0 

peratures (where tan ô~.OOl). This,permitted the calculation of the 
( J 

Young's lUodulus Et. with a precision of bett~r than 1 part in 104 , en-
" • 

abling the dèt~ction of the small methyL dispersion. It should be 

emphasized, however, that the absolute accuracy of the measurements iè 

ab~y much less than that nwnbe,J'. In fac t the FRW paper gi ves a 

standard error of ±8% in E' and ±O.OOI in tan 5' for regions of low loss, 

whi,f:h the aùthors at:tril?ufed to vadat~ons in sample preparation con-

/ ditions ,and accur?a,y ~f mea~urément of specimen dimensions. (For a more \ 

detailed discussion of the errors involved in the vibrating reed test, 

which considers also/the effects of noise, of measurements mad~ from 

the charts; of the metal tab, and oÏ 'prt;ssure .-anp temper,at~. please 

refer ta Appendix IL) 
i 

J. The Ultrasonic Âpparatus: 

/ 

The dynamic mechanical properti'es, of materials at hi,gher-than-
4 

~ud1ble frequencies (gre,ater than 'U~O.QOO Hz) can be determined 'from 

tests utilizing ultrasonic waves. These waves are generated by 
1 

Erzrm 

0, 

j, , 

Ii 

l' 

• 



.. 

( 

." 

1 
fo 

( ') , 
, ' 

1 
,'\ 

" 

, . \ ,.-

53 -

piéiroelectric transducers (~.g. quartz crystal sectiéns) which change 

dimensions in an electric field. In the commonly-used pulse echo ex­

perimental te,chnique // a single crystal is used bath ta generate an 
1 

initial ultrasonic pulse which i6 eoupled into a sample and to detect 

echoes from the opposite face of the sample. The method has. been suceess-

fully applied to polymerie solids from room to cryogenie temperature6., 
, 1 

t> 
The apP?ratus used in this study allowed measurement of'attenuation 

coefficient and speed of sound for longitudinal "laves in low 1068 solid 

samples (tan Ô 1ess than ~.02) over a frequency range of l to 20'MHz. 

A sehematic diagram of the ultrasonic pulse echo apparatus is given in 

1 Figure 13. The Pulse Generator main frame - R. F. Plrg~,~'n ~ombination 
(A+B) generates pulses of radio frequency at the desired freqJency;' these 

pulses are applied via impedance matching network D ta piezoelectric 

transducer T, which vibrates at the frequency of the ereetrical signal. 

'The transducer 18 attached by ~eans-of,a thin layer of suitable bonding 

agent X ta solid sample S whic~ has closely parallel faces (as compared 

to the wavelength of the ound). The ult~asonic pulse isfeoUPled 

into the sample where it at a characteristic speed 

a series of interna! reflectio s from the sample faces until all 

. sound ener~ has been dissipated. The transdùcer also acts as a 
1 /"._ 

for the returning pulse echoes, producing electrical pulses which p 

back through the matching network D and the stepped attenuator C to 

R.F. plug-in B where they are'amplified and then r,ctified (leaving 

only the R.F. pulse envelopes). ~This video output is then displayed on 
""1,.:'-

Oscilloscope E whe~e an exponentia11y decaying series of evenly spaced 

pulses Is observed.' 

, . 
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FIGURE 13 
Il 

S~MATIC DIAGRAM OF ULTRASONIC PULSE ECHO APPARATU$ 
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1 
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A ,PU e Generatar, main f7'am~: Matee model 6600 i 

........ 
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B iofrequency plug-in: Matee model 950, 1-20 MHz rbnge 
. C St pped ~ttenuator, O-OOdb in QI db steps: Texscon; LA's '/ 
o 1 danc~ fv1atcfling Network,O-i28jJ..fJ rMatec mOdel65i, ratoo' 

-30MHz. '. r: 

E. OS ilbscope.: Tektronix mOœl 535A witfJ type L omplifi~7' 1 

T .. T.,. nsduce7': quartz., Va/~y-Fis~r Corp.,; ceramic. AufomÇ1tion ('1 

1 iJ.stries ~ . "J ' ' 
'PleicLjlinclricol, 'NitfJ closely porollel faces (top tac requirE5 

n electroœ for use wit'fl quartz transducer) 
x B nding liquid I{1Ljer b€lMf:>n transduceT", and ,samp/l 
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.~ 

gi'l@n jJ ffjf:> figure ar€l typical for /5 MHz opf!l'otio J -
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An essential ~~ure ~f the test ~as the selection of a Tektroni 
~- 78 

" ,1~A OSCil,~oscope operated in the 'A DELAYED BY B' mode. 1 This permi 

very accu\ate measurement of the time between successive lu1trasonic 

which, ih ~~nction with measurements of , 

(oQtained by mean~ of alstepped att~nuator (C in Figure 13) which wa 
( 'ho ~ \ 

accurate to 0.1 db in 70 db), led to suffitient precision in tan ô 
-, 

l' 

. enab1e observation of methyl r~laxations. From the experimental ti 
"\, ,~ 

db readings thus obtained, the loss tangent (tan 5), real Young's 

(E') and imaginary Young's modulusQ(E") can he calculated from 

fQllowing equations (discussed in detai! 

1 . 
(aÀ«l) tan cS = 

'" E' 2 = pv 

" -j and E" = (tap cS) E', 
é 1 

11 83' in Appendix Ill:) , 

/' 

, " 

wheré a ia 
, 1 

the attenuation c efficiént defined by the eq~ation 

-2ax 
1 = le! 

o 0 1 

, 
.Her, l ls ultrasonic Intens ty which decays exponentially,with distance x 

in the solid due to dissiPa~ive mechanisms (such as molecular mo,tion), 

1 being the r~tensity at x=~. The attenuatio~ coefficie~t a has units 
o ) 1 1 ( 0 

of nepers/unit ;distance in t~e'direction of propagation and la pro-

portional,.to~/;he change in d~ level per uni t distance, whcrc the db levei 
1 

la the usual logarithmic sc~te of sound intensity: db f. 10 10g(I/1
0
). 

o 1 

À and v are the uitrasonic w+v~~~gth and velocity rèspectively, which 

1 é 

are con~ected through the frrqU~ncy f by the relation v = Af, and p i8 

the specimen ~nsity. J ' r 

1-

r, , 

l i 

,. 
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p 

ltrasbnlc test ls èarried out as a function of temperature, 

by, placin pecimen/transducer assembly in a suitable low temperatur 
, . ( , 

in Appendix,III). The temper&ture ~ange achieved was frlID 

liquid ~itroge temperature (-196°C) to +500 C, the latter being achieved 

with the use o( aj'Iow wat~age heater./ T8e pressure' was LrmallY 1 atrno)Phere 

1 throughout a test, but vacuum operation was also possible, wath suita le 

experimental technique. 

III. DYNAMIC MECHANICAL RESULTS: / 
1 

, , 

A. VIBRATING REED RESULTS: 

In ~iew of the fact that the proof of a QM tunneling 
1 

methyl r~la~tion hi~ges primarfly'on the vibrating reed results these 
'~_/ r-

are presented first. A large body of data was obtained on the v brat:ing 

reed apparatus for PMMA-Ha ~nd PMMA-~8 preJared by free-radiea 

zation, over the frequen~y region of ""230 Hz to 'ù9250 Hz, achi'eved t~rough 

the use of fundamental and' overtone vibration" frequencies.' 
" 

Young' s modulus Er and (in some cases) tan cS "have been meas 

function of temperature, covering the region. from 'ù-200
aC t room tempera-

tu~. 'Expe rimentally, samp les w~ re warmed from pumped ni trogen 

~emp~rature under partial vacu~ (pressure 'ù2 cm of Hg) a 

.' o' ° ' 
,', varying ft:om "'l~ e/hour (the usual case): ta 1'1..50 e/hour. 

, • 1 
ditions, using the high precision instrument described i 

v,ery law "'strcngth 'mechanlca1 relaxations 

laxations. denoted YI and Y2 in order of decreasing 
" 

are evident from the data, gencr~lly as inflcctions 

sometimes as peaks in ~n 6. Figure 14 showsCdata fro 

warming rates 

der these ~on-

Appendix II, 

J 

location. 
. 
and 
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1 

1 
... 

1 

obtained on the vibra~ing reed apparatus for PMMA-Ha ât r fréquency 

1 
of ~565 Hz, while Figure 15 shows corresponding data fo~ PMMA-Da at 

~ 1- • ) 
~540 Hz. B~th of these-Figures sh~w the 'r relaxations as inflections 

/ 
in modulus and also a~ tan ô peaks. Thfs was oot always the case, how-

ever; often tan 0 curves showed too much scatter to permit detection 

of small peaks. Nevertheless. inflectionS were almost always observed 

inl the modulus. 

The frequerrcy and temJ?erature positions of the low temperature '( 

relaxations found \ in vibrating reed tes ts on P:t-ft.IA-Ha are summarized 1n 

Table 2 along with: relevant experimental quantities (the warming rate, 

pressure and vibration mode). Table 3 shows the corresponding vibrating/ 
o 

reed data for P~-Da. The complete set of graphs of modulus (E') and 

- ' 
tan ô versus' temperature which support these observations is.given ,io 

Appendix IV along with the corresponding numerieal values. It 1s evident 

l from the data of l'ables 2 and /3 that the peak positions are quite re-

producible. 

/ 
For PMMA-Ha, th_, a~erage relaxation st,rength (6E' lE') of the 'fl/, 

l -~ , 
relaxation ls l.lxlO whilé that of the Y2 dispersion 15 O.75xlO , 

. -4 f 
Whlre observed, tan Ô peak helghts are of the arder of IxlO ~abovf 

pa kground levels. The average YI and Y2 re}-axatlon strengths' fol PMMA-De 

are similar - l.2xlO-
3 a~d O.78xlO-

3 
respeefively. Here,' ho~e~t, tan 1') 

• -4 1 /' 

peak heights are of the order of 2x10 . above background. Tbe ~eason for 
1 / 

""'tlr'~ 
fhe differe,~~e in the tan <5 peak heig~ts 18, coneeivably, the lower 

pTeeision ofOthes~measurements. The, y relaxation strengths are summarized 

along with their standard deviations in Table 4 be~ow. It 18 interesting 

/ 

-- to note that the YI and Y2 relaxation strenS:hS are rou8h1y ln the ~fl0 of 

th.ree to two. for bo th PMMA~He and PMMA-Da. , ' , 

1 
t 

/ 
j, 

, 
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--- TABLE 2. 
~!',i 
, 
" 

SUMMARY OF VIBRATING REED EXPERIMENTAL DATA FOR 'mE t.RELAXATION 
REGION OF FREE RADICAL PMMA-He. 

:.. ~ ~ 

" 
~:J~ 'j 

~i·î{ ~ 

f~j . 
~,{ ... ~~.~ 

'~;-J 

:"~.. ~ 
~ ~ 
, "1 

; "" 

n , , 
~": J 
~ 'rt'" ." ,"" 5"1:" 
~ f~·:t 
:: "i:'; 
~~~ i 
~~1 ,:iti 
~J 
~,~ 
~~~q 
r~i+J 
" . ... , .1 

G~~' 
~~~ 
''') 

~ 
.. 1.j 

I.~~l 
~. ~ 
~'i?~Aï 
fY~1 
r~~ï~ ! 
:::',;J 

~. , 

Relaxation P~sition 

V (Hz) + T (oC) 
(Yl or ")'2) Yl 

225.3 
274. -162. 
277. 
295.3 
496. -167.5 
497. } -170. 
499. 
565. } -l~O. 
566. 
568. -156. 
569.5} -162.5 
571. 

, 710. -145. 
712.5 -151. 

132·2. 
1633. 
Ù6~. -147. 
1770 
3025. -118.' 
3025. -117. 
3036. -121. 
4319.} -125. 
4379. 
9105. -116. 
9243. 

T (OC) 

Y2 

-200.5 

-198. 
-196.5 '\ 

-190. 

-184. 

-188. 

-179.5 
-179 : 

-,175 . 

-172.5 

-164. 

,\ 

Relax. 
Strength 

liE 1 lEI (x!0-3) 

-1--;0 

0.9 

0.5 
0.6 
0.6 

1.5 
0.9 
1.8. 
0.9 
0.6 
1.4 
0~8 . 
0.6 

1.1 
-0.6 

0.9 
0.9 
0.8 
1.7 ? 

0.9 
2:0 
0.9 

Tan ô 
Peak Height 

-If (x10 ) , 

"'1. 

'\,(}.8 
"-0.7 
"'2. 
"'1. 

--

'\,(}.5 

"'1.5 

'. 
.\ l 

~:';"~~'l 

~~:'l' 
t = brackets indicate 

*f :: .fundamental 
results from the same run t 

r-f .<' .- '" ... 
~.<~ 
~~"'l 

'I :: first overtoné 
2 = second oveftone 

~ ... :;.) r;t.~ ... 
~?J~~ 

""'~'-1 ..... ". 1 , ~~, "', 1 
::....: ' .... u'C;; .. -..- ~ 

~ 

.. 
'J. 

" 

'\ - .. ~ 

Experimental Conditions 

'War.m Rate Pressure Vibration Mode* 
0' 

( C/hour) -"'cm Hg) 

8. 1.4 f 
-,. 1.3 . ~ f 

7 •. 1.3 f 
10. 3.0 f 
21. 2.0 \ f 

"-41- ,2.0 f 
"'50. 2.0 f 
,"'30. 2.75 f 
"'30. 2.75 f 

16. 1. 35 f 
7. 0 

1.3 f 
7. ," 1.3 f 

11. 1.3 f 
6. 1.2 f 
7 . 1.3 1 
8. 1.3 1 
9. 2.0 1 

10. 3.0 l 
'~4. 2.0 1 

,10.'-- 2.0 1. 
26. 2.0 1 
12. 1.3 1 
10. L3 l 

. ' 12 • l.3 fo 
7. 1.3 2 .' 

1'\ 
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/ • TABLE 3. 
li . 

'\ ~ 
, . 

StJmfARY OF VIBRATING REED' EXPERIMENTAL DATA FOR lllE Y RELAXAT:rON 

.~ 

-. '*' 
<1!, REGION OF FREE-RADICAL PI!MA-D •• _ \ .;y 

1. .1... f _ • ~~ r 

'- Relaxation Pos~t1on Relax. T~n ô Experimental Co~didons' . ~ 
Strength Peak-Height •. ~~i' 

o 0 -3 -4 . . ) 
v. (Hz)t T ( C) T.( C) ,.llE' /E' (da.) (xlO) Wgrm Rate P-reflsure Vtbration Mode* Figure 

,- .-(YI or Y2) Yl Y2 ( C/hour) (cm Hg) H, 
. ~~ü 

" 

\}368. 

540.5 

53S:S} 
547. 

1~07. } 
1017. 

,1392; Z 
1416. ~ 
1731. 

~ ,p~934.} 

/ .. : ~. flS .. 
\J .... ., . -. 

.. 
-119. 

-120. 

-120. 

-118. 

-119" • .;....J 

-,118.5 

-106.' 

(" 
,~ 

1. 7' 

1.1 ,:y 
'" 1.2 

, -1,8!. 0.6 

1.1 

-175. 0.7 

1.2 

-176. 0.8 

1.0 

"'1't 3 

-175. 1.0 

-
, , 't :: brackets ïndiçate results fram the ~ame ~un 

*f :: fundamental 
"" 

1 :: first overtone 

2 :: second overtone 

'. ~ 

7.5 0 

:. 
2. 

,0.7 

1.6 

"'""3 

.' 2. 

"'10. 
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-. 

-

... 

'U10. 2.5 f IV-20 

S..- 1.4 f IV-21 

15. 2.0 f 15 

,15. 2.3 f " , 
12. 2.-0 ' f IV-22 

'U20. 2.0 f " 
, "'Il. 1.4 '~~. l IV-23 
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9. 1.{. 1 " 0 

la. ,1.4 f IV-24 
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TABLE 4'. 
", 

AVERAGE RELAXATION STjŒNGntS FOR y 'RELAXATIONS IN' " 
FREEïRADlCAL PHMA-Ha AND ~MMA-DB', 

. 
Y, '''mUo. Stre'd . Yl Relaxation Strengtli 

(~i: x 103) 
, t.E' 

Po1ymer , (7 x 103) ~, . 

, . 

, average std. devn. fi of obs. aver~e std, devn'. H of obs. ' 

" 
, 

PMMA-Ha 1.14 0.46 14 O.7S fr.19 8 
" 

PMMA-Da 1. 23 0.2] 7 0.78 .0.17 4 
, 

" . , , 

Several preliminary vibration tests revealed a mechanical dispersion 

, f 0 
at temperatures greater than -100 C for Pt1MJ\-Ha samples which had been . 
exposed ta Ipoisture. These results are shawn ln Figure 106 and summarized 

~---~---~~ -

in Table 5, lt should be noted that the tnree sets of dat .. were obt-a-!-ne!-ildl----
,,~ ...... " 

on three different vibration instruments, ta which previous reference 

has' been made in the section on Experimental Technique~. This "water" 

relaxation has a strength of '\.() .025 with a tan' ô peak height of !I.(),0015. 

, TABLE 5. SUMMARY O~ACOUSTIC EXPERIMENTAL ~ATA (GIVEN IN FIGURE 16) 
FOR THE '~ATER' RELAXATION REGION j)F FREE RADICAL PMMA-HS' . 

Relaxation Rela'x- Tan 6 E;xperimen tal Conditions Pressure 
110sition ation Peak Warm (cm Hg) 

Strepgth' or 
\) (Hz) T (oC) Height Type _of Cool Rate lIE'/E' Apparatus (oC/hr) 

269. -80. 0.0015 V:l.brating Reed- Not Recor- .... 1. 
Optical ded 

, 

(warming) 
1075. -50. 0.020 Vibrating Reed- -50. 76. 

Piezoelect ric (cooUng) 
1365. -42. 0.032 Acol,lstic Specto- -SO. 76. 

meter (cooUng) , 

• " ,'" 

... 
~ Jo ~.L.Iu.'L ~_ 

lIIi1kaM!.ii1lll iI.Ii< ~1Iii.;;;iL .~ ~l d~ Il ~ fi ·,.,J'et t klll, !hl tri' 1,tw'M'k?"~He td aM ",. .. , t"t 
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1 
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FIGURE 16. 

E,' AND TAN «5 VERSUS TEMPERATIJRE FOR THE I~AT,F:R" p~ 

REGION OF FREE-RADICAL PMMA-HS BY, SEVERl\L ACOUSTIC 
~ " 

TECHNIQUES. 
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JI 
Although considerable care was taken to keep subsequent PMMA 

sampIes, f,ree of moisture, i t was di fficuit to exclude wa ter comple tely, 

as indicated. by more recent ultrasonic tests o~ free-radlçal PMMA-Ha. 
v,J 
t ,~ 

which still contain a hint of ,th~ 'water' dispersion. 

B. ULTRASONIC RESULTS: 

Ultrasonic tests were performed on the PMMA samples using the single 

crystal pulse echo technique descrlbed in the experimental sectioo. and 
""- , , 

detailed ln Appendix Ill. The free-radical PMMA-Ha was investigated at 

several frequendes from 1.3 to 20.0 MHz, while free-radical PMMA-Da ~n~ 
l ' \ 

> 

batn isotactic and 'syndiotactic' PMMA-H a w'ere tested~at '\.13.5 HHz 'only,' 

for comparison purposes .. Mechanical relaxations were detec te,d ei ther as 

shoulders in the tan 6 versus temperature curve, as inflections ~n the 

velocity/temperature curve, or as local'minima ~n the db level of a 

single echo. ",ln most of the ,experiments, warming (or cooling) rates of 

o 
'\.30 C/hour were employ~d. with nonaq,cement as the s~cimen-to-transducer 

bonding agent. 

Corresponding to the vibrating reed tests, very small mechanical 

dispersions were' detected in the temperature interval from -looOt to 

+50
o

C. In two samples, as many as four relaxations (denoted H20 , YI. Y2 

and ra in arder of decreasing temperature) were observed in the PMMA's. 

Figure 17 shows ultrasonic curves of tan 0 and velocity versus temperature 

for free-radical PMMA-Ha at 8.4 MHz which illustrate the 'YI relaxation;' 

the peak ls easily seen from the tan 6. plot but the suggested inflection 

in the vel~city ls ooly barely evident. 10 faet, owiog to the scatter 

in the velocity data, the transition seems ~meared out, 50 that only a 
, 

change in slope of the curve i5 really evident. (It ls interesting to 

recal1 that Golub' and Perepechko~9 identified methyl relaxations in 

vi 
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TAN fi Â~D SPEED OF ULTRASOUND AS Pt, FUNCTIO-N O,F TEMPERAWRE' 

FOR FREE-RADICAL ~1MA-H8 AT 8.~, 

"RELAXATION AT A~PROXIMATE~Y _10°C. 
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their ultrasonic velocity" studies with /changes in slope of the veloeity .. 
versus ternpera~ure curve~) Free-radically prepared PMMA-HS"was studied 

u1trasonieally at several" frequenc:Î.es:.' 1-.3, 3.4, 8.4, 12.9, 13.6, 
. " ' 

18.5 and 20.0 MHz; th~ r~su1ts ;f these experirn:n~s are summarized in 

Table 6, with-the graphieal and numerical data'supporti~g the ob-
I 

se~vations being given in Appendix V. 
,4' 

Figure 18 shows tan'o versus tempe!ature for free-radical,PMMA-Da, 

for ~ency of 13.4 MHz" Here, the results of two separate experi-

~ 

ments at that frequency have heen combined; the twq sets of' data over-

~ 
indicating "the, very good repeatab;ili:ty 

• 1 __ 1 

of th'e test. These data (included in Tabre 6) show .the YI and YZ re-

l i ' DoC and -600 C '1 axa~ on reg10ns near respect1ve y. 

Ultrasonic data for isotactic and &yndiotactic PMMA~H8 are 

~given,inFiBures 19 and 20 respectively. Thé test' frequency Wa:~4,,:13"5 HHz 

for "bath cases, this value having been cho$eR 'sa that aIl four' types of 

PMl1A could be compared at this frequenèy, The isotaetic polymer appears . 
o ' 

to undergo only one relaxation at ~lOO C, while the syndiotactic 

< • '0 
polymer shows two distinct d~spersions in the vicinity of -20 C and 

-60°C, with a possible (?lthough extremely small) transition near -lOOoe. 

These result~ are also included in Table 6,. 

The tan~ <5 ·peak heights for the seve rat relaxations detected aIl 

-4 -3 ' 
faU within the range 10 to 10 ; relaxation strengths (tw/v) arc 

-3 
approxirnately 2xl0 ., with the exception of the YI and Y2 dispersions 

in the syndiot~ctic polymer where rnuch higher velocity changes are 

apparent. The reasan for these larger relaxation strengths is 'not known. 

------- i 
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Mate'rial 
-

. 
P~lA.-HB 

(freé .. radical) 

, 

. ' 

\ 
, 

, 

P~1A-D8 

( free-radical) 

PMMA-HA 
(isotactic) 

P~-H8 
(' syx:diotac.tic') 

!' .. ~ 

TABLE 6. 
o ~ , 

SUMMARY OF ULTRA~ONIC DATA OBTAINED FOR PMMA S~LES OF VARIOUS COMPOSITION 
fu~D TACTICITY. THE SAMPLE-TO-TRANSDUCER BONDING AGENT WAS NONAQ CEMENT, UNLESS 

OTHERWISE NOTED. 

Relaxation Position Relax. Tan ô Warming or . 
Strength_

3 
Peak H~~ght Cooling Rate 

T (oC) , T (oC) v (MHz) T (oC) T (oC) 6v/v(xlO ) (xiO ) (OC/hr) 
Yl ! - "(2 "(3 H20 ( . -

1:3 +_ 6. 2. . 3. - 25. "(cool) 

1.3 -38. , 2. 4. 25. (cool) 

_ 3.4 -22. 2. 5. 35: (warm) 

8.4 -10. , , 2. 4. 30. (warm) 
. 

12.9* -56. 2. 3. 25. (coôl) 

13 .6 +34. ("-4.) ** 25. (warm) • 

13.6 - 1.; 4. 12. (war1l1) 
~ . 

18.5 +42. . ("'2. )** 30. (warm) 

18.5 (-92.5) "'1. / 30. (warm) . l 

20.0 "-1- ("'5.)** 35. (warm) 
> . 

13.4 - - 2. 10. 2S. (warm) 

13.4 • -58. 7. 50. (warm) 
.. 

. -~ 

13.7 -97. 3. - . 4. .-. 30. (cool) 

. 
0 

. 
13.5 -16. 8. l. 35. (warm) 

13.5 . -56. Il. 6 . 35. (warm) 
11 . . 

*'/ Bonding agent:: 3-chloropropyl benzene. A 'Peak thought due to bonding agent was observed at -85°C. 

** Estimated from local-minimum in db curve for a single acho. 
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FIGURE 18. 

a 

TAij <5A~ A FUNCTION OF TEMPERATURE FOR FREE-RADICAL 

• ' 1· 
PMMA-Da,AT 13.4 MHz. (RESULTS OF TWO ~EPARATE EXPERI-

MENTS ÀT THAT FREQUENCY ARE SHaWN.) 
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FIGURE 19. " , 

TAN Ô AND ~PEED OF SOUND VERSUS tEMPERATURE FOR 160TACTIC 

PMMA-Ha ÀT 13.7 MHz. 
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TAN cS AND SPEED OF SOUND 
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PMMA-HS AT 13.5 Mij,z. 
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C. TORSIONAL PENDULUM RÈSULTS: 
l' 

The torsional pendu1um ,t:echnique which has al ready been desc ribed 

in the experimental section waS appl:i.ed to' PUMA-Da' sample,s in a nitrogen 
v , 

atmosphere at two frequencies: 0.75 and 2.35 Hz. The results are given 

in Figure 21. The> G' curvres pi'o-1;i:de evidence of a very 10w strength ,e­

laxàtion ne~r -157°C at 0.75 Hz and -153°C at 2.35 Hz; the tan C, curves 
" 1 

.t l ~'!'. 

alsq hint at the pres~~l'e~f. a dispersion in thisq reg;ion. Despite ~he 

lowwarming rate of 15 to 200e/hour employed for ,these 'tests, a ~izeable 
1 

te11)per~tur'e gradient of "-10°C at -150oC existed inside the sample chamber. 

This muse contribute toward 1imiting the size of mechanical dispersion 

, . 
observable in the test. 

'i' 
An experiment on PMMA-Ha at 2.35 Hz over the same temperature 

region' as above was ,also attempted, but resul ts were too scattered to 

~permit observation of a relaxation even if one were pre,sent. In this case, 

due to a higher ta!) 6, on1y 260 cycles cou1d be counted, leading to :re-

, ',1 
duced accuracy in the period measurement. (As manY,âs 400 cycles were 

counted for PMMA-Da.) 
r 

The relaxa tions abserved in these torsionai pendulum tes ts are-

summarized in Table 7 below: 

\ 

Material 

, 
PMMA-DS. 
(fre~- 4< 

'radicl:tl) 

TABLE 7. 

SUMf.1ARY OF TORS IONAL PENDULUM DATA OBTAINED FOR 
DEUTERATED P~fMA SAMPLES. 

Relax. Relax. Tan/"ô 
Relaxation Position Type Strength 

fiG' /G' (xlO-
3
) 

Peak Height 
v (Hz) T (OC) (xI0-4 ) 

0.75 -157. 'YI 1.5 "-1. 

2.~5 -153. YI 2. "-1. 

~ 

Figure 
Il 

21 

21 
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,~RE 21. 

EXPERIMENTAL CURV.ES OF G' AND TAN Ô AS A FUt:lC'I'ION Of c 
TEMPERATURE FOR FREE-RADICAL PMl-1A-DS OB'rAINED ON THE 

TORSlONAL PENDULUN: 

FREQUENCY (Hz) 

.. 
o 0.75 

! • 2.35 

• ! , 

,<" • 
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IV. DISCUSSION 

A: DEMONSTRATION OF METHYL GROUP -TUNNELING ~ ... ' 

The experimental frequency-temparature positions of those 

dynamic mechanical methyl relaxations labeled YI have beerr~plotted 

$ 
~n Figure 22 for b~th PMMA-HS and PMMA-Ds. The dashed lines re-

J 23 
pret;;ent calculations from the theory of Stejskal and Gutowsky for , 

,methyl 'rotation within barrier heights of 6.4, 6.9 and 7.4 'Kcal/mol~. 

This Figure showS clearly that bath ;criteria for tunne1ing are met, 

Le. that log v vs lIT is non-Arrhenius for the non-deuterated poly­

mer, tenditi'g to level off at low temperatures, and that a GH3/CD3 

isotope effect a160 elidsts, the deuterated poly~er following a 1inear 

Arrhenius-type relation over the whole frequency/temperature range 

studied., It can be seen that the behavior for PMMA-HS 16 of the 

type predicted by the, tunneling theory but that the a~reement is only 

84 
qualitative. This ~ay he due ta the fact noted by Ingold that a 

• J 

slight change in the shape of the potential barrier can result ll:ri 
" 

significant changes in the log v versus lIT plot. Thu~, from the 

shape of the curves and from the t 
prese~ee of the isotope éffect, it 

can _be concluded that tunneling of methyl groups is indeed in;volved 

in viscoelastic relaxation, if the theory ot"Stejskal and Gutowsky, 

is correct in its essential features. The present s,tudy represents 
---.J' 

the- first o~s:r:vation of an isotope effect ih the field of visco-

elas tic propèrties of ,polymers. 

, , j' 
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FIGURE 22. 

EpERIMENTAL FREQUENCY-TEMPERATURE MAP FOR THE YI RELAXATION 

IN pt-mA-HS AND PMMA:"Oe ~ (THE REGIO~ COVERED' BY 'THE GRAPH 

CORRE,SPONDS TO THAT OUTLINEO IN DOTS ON FIGURE 7.) THE DASHED 

UNES REPRESENT CALCULATIONS FROM THE TH~ORY OF STEJSKAL AND 

'\ GUTOWSKY FOR BARRIEk' HEIGHTS OF 6.4, 6.9 AND 7.4 KCAL/MOLE. 
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\ 

i, 
B. TACTICITY EFFECT IN PMMA: 

Figure 23 contains the complete transi tion map for PMMA, . ~ 

showing both the literature data given in Figure 9 (open symbols) 

and the relaxations observed in the present study (filled symbols, 

Tables 2. 3, 5. 6 and 7). !WO NMR literature points ror isotactic 

PMMA_H865,66 have, a1so been includèd. For simplicity, the (l and ~ 

relaxa tions are shawn only as lines. 

Figure 23 shows clearly that two separate relaxations are 

occur,ring in the backbone me thyl region of fr~e radical PMMA: they 

are labeled YI and Y2 in order of decreasing temperature and have . ' \ 

/" 

activation energies of 6.7 and 3.3 Kcal/mole; they may be ass~gned to 

reorientati.on5 of syn'diotactic and heterotactic backbone methyl groups 

respectively. This "interpretation i5 suggested by the high resolution 

mm data (Table 1) which indicated a syndiotactic to heterotactic 
~ 

triad number ratio of about three to two, in close agreement w,ith 

" 
the average ratio of relaxation strengths f~und in the vib~ating reit 

studies (1.5 for PMMA-Ha samples and 1.6 for PMMA-DS samples): It ~ 
doubtfui whether the Iower temperature Y2 relaxation can be ascribed 

to iso tac tic groups because véry li tt~e ('<lOi.) isotactic material-

is present in the free radical polymer. 

The log \1 versus liT plot of the 1'2 relaxation, h~re assigned 

to heterotactic backbone methyls, shows the beginnings of the curvature 

and CH3/CD3 isotope effect indicative of QM rotational tunne1ing, but 

\ 

rneasurements need to be extended to lower frequencies a~d temperatures 

for confirmation. 

~ .... 1" 
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l ' 

," ..... ,./',?'fl 
~' " ti,/" 

,0 FIGURE 23. 

THE COMPLS;TE TRANS,ITION MAP FOR PMMA, SHOWING TIIE , 

EXPERIMENTAL RESULTS IN CONJUNCTION WITH PREVIOUS 

LITERATURE DATA. (THE Cl AND S RELAXATIONS ARE SHOWN 

\ 
ONLY"AS LINES. FOR SIMPLICITY.) 
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, 
It ~hould.be noted that the two NMR literature points for 

i 
isotactic PMMA 'given in Figure 23 are close ta the' Y2 relaxation of 

this work. It ~s conceivable that.both the heterotactic and isotactlc 

dispersions occur in the same temperature regio~. However, the high 
" 

frequency (~1~7 Hz) isotactic peaks from this study (labeled Y3) 

lie at a somewhat lower temperature thaq that for the isotactic 

sample quoted in the literature (the high frequency polnt). Since those 

previous workers have not had pure isotactic material (their polymers 

are only stated as conta~Jing <24% atactic"'n;aterial), they IQay,possibly 
1 

have determined the heterotactic peak. 

C. HIGH TEMPERATURE PROJECTION: 

Figute 24 offers a simplified picture of the overall relaxation 

behavior of free radical PMMAJ in'that only the curves fitted to the 

relaxations (a, e, H20, Yl,\Y2) are shown. The a or glass transition 
i' 

dispersion line was calculated from the WLF equation with T taken· as 
g 

lOSoC. The other curves have been p~ojected to high temperatures 
1 

a~sum~ng liùear Arrheniu5-ty;pe relation,ships there. A s triking fe,ature 

of this plot is that a11 the relaxations appear to project through a 

region (or perhaps a single point) near log v ~9. and t ~200oC. 

This pattern for PMMA i5 remarkably similar ta that observed' 
\ 

85 
in 1968 by S tarkweather 'for several semicrystalline polymers; there, 

the log (viT) versus liT plots for the mechanical relaxations oftén 

converged at the crystalline melting point, T . Similar observations 
m 

have been made informallf for non-crystalline polymers by several 

investigators, but e~cept for the work of C.D i Patterson, discu~sed 

\ 

\ 

- . 
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FIGURE 24. 

TRANSITION MAP FOR PMMA-Ha, EXTRAPOL~TED TO HIGH TEMPERATURE 
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below, no literature refer~nces could be found. The intersection of 

the various molecular motions at a finite frequency and temperature 

may weIl be a general feature for amorphous polymers. The well-known 

merging at higb. temperatures and frequencies of the main chain (a) and 
/ 

secondary (S) relaxations certainly suppçrts this concept. In recent 

Bri-l1ouin scattering studies, C.D; Paitterson
86 

observed Just one 10S51 , 0, 

maximum in several amorphous po1ymers <lt frequencies near 10 9 ' 5 Hz, 

in agreeme nt with this tnerging ·of disper.sJons. He also demons trated 
, , 

, rA' 
that the temperatures of maximum 1085 layon extrapolations of the 

secondary i e relaxations for poly(methyl acrylate), poly(isobutylene), 
/ 

atactic poly(propylene) and poly(vinyl acetate) and ~onc1uded that, at 

high temperatures, the 8 dispersion line extends, while the ex merges 

with' it. 

", 
'V. CONTRIBUTIONS TO ORIGINAL KNOW'LEDGE AND SUGGESTIONS FOR FUTIJRE WORK . 

The dynamic mechanical experiments contained in this thesis have 

shown that both a pronounced curvature in the log v versus liT plot and 

a large deuteration effect are abserved for the 'YI relaxation in free-

.?;adical Pr1MA, in qualitative agreement wi th the methyl group tunneling 

23 
theory of Stejskal and Gutowsky. If this theory is indeed valid, then 

ra tation.al QM tunneling of methy! ,groups i5 invol ved in viscoelas tic 
'" -, . . 

relaxation. 

It was a 1so shown tha t the y relaxa t ion 0 f PMMA is a f une tion 0 f 

the tacticity of the polymer, with two distinct dispersions (labeled YI 

and Y2) detected for the free-radically prepared polymers; these'had 

activation energies of 6.7 and 3.3 Kcal/mole respectively. The 'Y1 relaxation 
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~as ascribed to syndiotac.tic backbone methyls and the Y2 to heterotactic 

groups. Sorne evidence of a third related relaxation (labeled Y3) was found;o 
1 

'/_~~ /~ it i5 possible that thi.s peak may correspond to- isotactic material, al-

j' .. ~ ;,;~,o . though the e:idence for this is wea!<: Finally, ~omparison of experimental 

.. {': and 1iterature data for aIl the viscoe1astic relaxations in p~ suggests, 

\ 
\ 
\ 

1 

} 

ë -

that the 'transitions al1.converg~ at ~oooc and 109 HI' AlthO~~~hiS 
clearly indicates an interd~pendency of the various mo1ecular motions 

present in a polymer, an adequate explanation is l~cking. 

Future experimenta1 wo~k could be directed toward demonstr~ting the 

generality of the QM tunneling involvement in viscoelastic relaxation for , . 
- " 

a second pblymer system"" such as (say) poly(a-methyl styrene) which con­

tains a hi~dered backbone methy~ group likely to tunnel at reasonably-
, . 

• 0 
'high tempe~a~ures (>77 K at vibrating reed frequencies). 

There is c1ea~ly a1so a ne~d for theoretical improve~ents in this 

area: the S'tej~ka1 and Gutowsky treatment, which assume's a rigid polymer 
, ' . 

baclç.bone, show~ only qualitativeagreement'witq experiment,,,and is :1-n~ 

consistent with the proposed existence df a ;ommon extr~polation point 

at a finitet~~~eF~ûrê for aIl the relaxations in a polymerr The detailed 

. meclùinism whereby tunneling ;oothyl grpu;s contribute ta* energy dissipation -
- -tr " 

f. 
a1so ~rits further· inv~stigation. 
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AP;PENDIX l 

,( 

TUNNELING FREQU.ENCY CALCULATION FOR A DEUTE,R0-HElliYL GROUP 

• IN A BARRIER OF 5.89 KCAL/MOLE 
.\ 

J) 

. The theoretical calculation of the isotope effect on the 

tunneling:, frequency of a methyl group has been reproduced from 

S. Reich,1 private communication strictly for ,the convenience 

, ---, 'of thfi! reader. 
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APp,ENDIX l 

TUNNELING FREQUENCY CALCULATION FOR A DEUTERO-METHYL GROUP IN 

A BARRIER OF 5.89 KCAL/MOL,E 

, 
\ 

1-1 
In the classical lim~t 1 the tr,ansitd.on probability v c 1s given by: 

N 
"e = 2n (1-1) 

where l is the moment of inertia of the rotor, Vo _ the barrier height. 

T the absolute temperat~Ie, and--N,- kand--R~-the __ ~v9~_adro, Boltzmann, and " 

ideal gas constants respectively. 

Therefore, for, a given temperatute and barr.;ier height, 

v 
c 

(eDa) 
- 1.41 

\ 
(1-2) 

The Quantum Mechanieal case for lOlo1 enough temperatures Is: 

••• (1-3) 

\ Therefore, 

(1-4) - l exp 
''t (CDÛ 

which la temperature independent. Ch = Planck's constant = 2rrh). 

'1, 



.' 
(-

" . 

). 

(1-2) 

.... 
For examp1e, with 

. :.. 
-1 -13 

Vo = 2063 'cm '" 4.10' x 10 erg/rotor = 5.89 Kcal/mole, 

l (CH 3) 

and l' (CD3) 

-40 2 = 5. 34 x 10 . g cm , 

• -40 
=' 10.68 x 10 g, cm2 

. 8.15 
:::: e 

~~ Therèfore, in the temperature range where v
t 

~ f (T), 

\ 
Since the curve of log v vs liT for a methy1 (CH]) rotor has'been 

t. 
1-2 

calculated ,log v (CD]) vs I/T~or smaii T can be calculated. 
, t 

(I-5) -

(1-6) 

The next step 1a to calculate the temperature T at which both tunneling , , c -
, I~ 

and barrier-hopping frequenc1es are equal: 

hL! 
t = m c 

2llk J 121' 

, where L 
m 

Here T 1s the Christov characteristic temperature, and L is the 
~ ,c ~ .#- ' 'm 

curv!iture of the hindèring potential at Hs top (w~e coord1nate 

• = ~ ). 
,m. \ 

v 
V 

0 (1 + 3+) , = 2 
CpS \. 

') 
For 

L 
9 3+1 ' 9 :::: 2' Va cos = 2' Vo m ~ :: 120

0 

/' 

... 

(1-7) 

(1-8) " 

(1-9) 

.. 

.\ 

, l 
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\. 
• v 

f , . 
ë 

e , 

(1-) 

• 

-1 
50, for Va ;: ·2063 cm anJ I(CH~) ;: 

T (CH3) = l28a
K and lOOOIT (CH3) = 7.8 (oK)-l, 

c , 'c 

o 1-2 
which fits weIl with the Stejskal and Gut~sky calcu1ation. 

ln the case of th~ CD3 rotor, for th~ same value ·of Va' 
\ 

1000lT 
c 

, a -1 
(CD3) = 1+.04 ( K)' • 

1-2 Thus, knowing t,he log "t Versus lIT curve for the ~3 group, the 
~ . 

plot for the correspanding CD3 group can now be buiJt up: the limiting 

slope for high temper~ture ia calculated from equ~tion (1-1) and the 

plateau value for smaii T la known from equation '(1-3)., Theae two 

, segments May be connected smoothly through T (CD3) ta yi'eld the log 
c, 

\l
t 

(CDÛ vs lIT curve given in Figure 7 of the Introduction. 
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APPENDIX II 

VIBRATING REED INSTRUMENT, 

DESCRIPTION AND MODE OF OPERATION 

Th~ principal conclusion of this thesis fs based on the 

~etection of relatively low strength mechanical dispersions which 
.... ' 

have nct been detectable in prev!ous studies with ,conventional 

vibrating reed instruments. For'this reascn, it i8 considered 

expedient to describe th~ method of operation of the Vibrating 

Reed Instrument employed in the study in s9me detail. This 

description of the instrument will enablé the reader to 

evaluate the test precision or LO repeat the experiments if he 

so qesires. 
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'HIGf FREQUE,NCY VIBRATING fREED: PIEZOELECTRIC DETECTION TECHNIQUE 

. , l PRINCIPLES OF OPERATION: 

The Vibrating Reed' technique i5 a' dynamic mechanical technique by 
, 

which the 10ss tangept (tan ô) and the Young' s modulus E' of a saUd 

(modu1us range ca. 108 ' ta 1012 dynes/cm2 ) can be determined over the 

frequency range of ca. 100 Hz ta 5000 Hz. The method involves the ~ed 
vibration near resonance of a rod -of mate rial c1amped at one end as a 

cantilever. 

Vibr,ption is m';ually carried out by means of magnetic, coUs, with 

'the amplitude of vibration measured either by an optical detection 

J 

It-l II-2 
technique, or by a more sensitive piezoelectric detection technique 

described here. This latfer met~od employtB thicker samples and Is 

generally used in the fr~quency range of ca. 500 to 5000 Hz; use of 
c. 

weight~ may extend the technique to Iower frequencies, however ~ while 

ulle of overtone frequencies may extend lt to higher frequencies. 
/ 

... 
. A curve of amplitude versus, frequency is plotted for the resonance 

region, and ana1yzed to yield tne desired properties (ta? ô, ,E', E"). 

Temperature Range: Room temperature to -noOe (achieved by pumping 
\. 

on 1iquid nittogen). '. "' 

. 
Pressure Range: Design pressure ia 2 cm Hg, controlled to ± 0.05 eth, for 

sufficie_nt heat transfer fithin the cell and minimum energy 1.088 due to 

gas pressure. 
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A: APPARAT US : 

A sèhem~tie diagram of the apparatus '. with component 

deseriptio~s has be~n given in Figure 12 of the Experim~ntal 

s~tiop, but is reproduced here as Figure 11-1 for eonvenienee 

~ the -pres~nt diseuss,;l.on. Operation of the eomponents is as 

follows: triangular ~ave gerîerator G aets on Frequency-
,~ i - \~..:i 

Synthesizer A to p,-:oduce a steadily changin&. frequency which 

is âpplied to magnet M. The magnet attracts and repels a , 
metal tab, glued ta sample S, setting up a vibration. Transducer 

'l' detects .. the vipration sending a low-level signal via shielded 
. , 
. connections to amplifier D. The amplified signal is applied to 

the~ Y'~~iS oft X-Y record~r E and the trlangular wave 18 simul-
, 

tanèous~y ap,plied te the X-axis, resulting inLthe platting-out 
~ 1 

of 'a resonance curve. 
l' 

B: DETAILE,D COMPONENT DESCRIPTIONS.AND SETTINGS: 

~ Frequency Synthesizer ~nd Triangular Wave Generator: 

,/ 

The Frequen'ey Synthesiz-er can produce signaIs in the 

< 

0-100 KHz range. Fréque~cy can be varied continuously in this 

" range by ~eans of the 'CAD (c~ritinuoüsly adjusÙble decade)-
.. 

uwhich,can be operated manually, or externally as by a De 
/' 

voltage source, in this case a triangular wave generato~. 

Frequency is <Iirectly proportional ta external voltage applied ..... 
~" r.. ' ' ~ 

irh~refo.re:. ~he triangular wave applied to the x'-scale of the 

xy" Recorder, produces an x-displacement whicb is proportiqnal 

to frequency. 
~" 

_ ...... _' .. ""' .... n ..,. ....... _ .. ~ _~ __ ... _'--:, \ 
• ....~_ ~ r k.L.l ~ .. t~ .... , _~'ub 

1" 

. , 

J 
1 .. 

J 
1 
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FIGURE Il-l ,," 

SCHEMATIC DIAGRAM OF VIBRATING REED APPARATUS 
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attenuator 

A frequency Syntfle.SlZ()T: Ge.ner-al-Eadio---
moœl 1/6/-A 

B Stepped AttenuatrYr. 0-80 db : 7@xscan LA series 
c Frequency Countel'. 5 Hz-8 0 MHz: Flu.ke moœt 1900A 
D A.C. Amplifier: Hewlett Packcmi ~ 465-A r 

E X. y. R()corder: H. R model 7000 A 
G Triangular Wlve Generqtar: H. R mode, 331'0 A 
M Magnet: Electro Products moœl 3055-A 
5 Sample. rad wfffl metal tab attacIJed 10 lower end 

'T Transducer PZT-4 dise .25/1 x ./00 11 tflick: Ve1'nitron 
part # 4100-4 
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Pr 

The x-scale proportionality constant (frequency change/inch 

of displacement) can be obtained from the Frequency Synthesizer_ 

relation: 0.3 volt - l major GAD, division" and the 1;ecorder's 

x-seale setting in voltsfi~ch. 
~l 

An ~xample of typical Frequency Synthesizer dial settings is 

glven in Figure II-2A. The button beneatl,l the xlO flz Digit Insertion 

unit is depressed, indicating that the CAD dial replaces the 'xiO Hz 

and xl Hz units; Here. the frequency setting 15 624 Hz with Generator 

G off. With G on, frequenèy i8 varied about 624 Hz such that 0.3 

volts applied externally is equivàlent to 10 Hz (1 major CAD division). 

The Frequency' Synthesizer output voltage is constant .as .'1..._- fre-
_J''':.., 

quency varies. The output voltage range is 0-2 volts A.C •• as 

moaitored On the buil t-in voltmeter. It i5 '-set by an output levei 
'\ / 

dial which is a rather coaree C'Ontrol. Excellent exper'imental results 

cart be obtained by keeping the Frequency ·Synthesizer output voltage 

constant at 1 volt throughout the entire ~est, and adjqsting the 

stepped attenuator B to keep the vibration amplitude approximateIy 

constant. 

, , 
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f",.. 
FIGURE II-2. A & B 

TYPICAL FREQUENCY SYN~ESIZER SETTINGS. FOR A CENTRAL 

FREQUENCY OF 624 Hz, EXTERNALLY CONTROLLED,. 

-

B: FUNCTION G'€NERATOR OU. SIGNAL: SCHEMATIC, SHOWINÇ 

EFFECT OF SETTING CsLo1 

initial signal 

signal obtained on increasing output level setting 

------, signal obtained on decreasing dial (f;equency) setting 
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Mis button depressed indicates that 
, the CAO dial replaces the xlO anc:J xl ,-~._r. 

Digit Insertion u.nits. 
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Function Generator G: 

Typical SettiIigs are as follows: 

Function: TRI (angular); 

Rânge (rrequency): .001; 

Dial Setting: usually 1 to 20 (variable); 

'De offset level: '0; 

'Output leve!: high (variable) for 'wide' resonance peaks; 

low (variable) for 'narrow' resonance peaks. 

Th~ dial i5 used to vary the slope,of the 'triangular wave; a 

lower dial ,setting implies a lower slope and therefore a slower sweep 
, 1 

1 across the x-axis of the recorder. Figure II-ZB shows qualitatively 

the èffects of 'varia*Ls setting changes: the saUd Une' i5 converted 

to the dotted one on increasing the output levei setting, implying 

a wider range of swept voltage and a somewhat faster sweep rate 

(sinee more frequeney is swept out in the ,same time); the Bolid Hne 

/ lis changed to the da shed line on decrea5ing the dial (frequency)-

set'~ing, implying that more time i5 taken for eaeh sweep. 

, 
Frequency Counter (C),: 

,This instrument ,!lnables quick and precise ~easurement of th(! 

'1.. 
resonance frequency or period as set lIIanually using the Frequency 

Synthesizer. Five or six significant digits May be obtained, 

depending on the Frequency Synthesizer settings used (with greatest 

,,< J"iÎ 
"Wnt te:trMt kT,', t! g' •• ",6 7 

t. rne f ;11 fC id 5~' '3 tir SEt 'ttttdr 1$# l' q t $ 
C" 2 7 " 

... 

! 

t 

, 1 
'Z IfS" ri 
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( 

precision where CAD replaceS~the JÇ~ Hz Q.tgit Insertigon ~nit). 
"-

Precision in the r~_s'lçnance frequenc{ mea~u,rement -~8 normally 
'~ 1 Jo 

limited by the operatOt' s ability to visually s t the sample to 

resonance (maximum amplitude) on t~e X-y Recor er. Precision will 

" , be best at lower teIllperatures where sharp 10 S peaks occur. The> 

counter is best used on the period scales, since response to changes 

in period is very qui{:k. . 

A.C. Amplifier (D): 
\ 

The amplifier input-signal (f om'the pièzoelectric crystal) is 

shielded by means of a Pomona n 433 connector. Amplifier gain 18 

40 db. 

X-Y Recorder (E): 

The following connections are made: the A.C. AmpÙfier '(D) 
l ' 

output ta the y scaÛ (A.C. setting); thé Triangular Wave voltage 

~to the X Bcale (D.C.' setting); an:d ,the central switch on Recycle • 

. ' 

.. 
( 

'- , . " 

\ 
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FIGURE Il-3 

/ 
THE ASSEMBLED VIBRAT~NG!REED APPARATUS, 

, Î 

SHOWING VACUUM AND GOOLING SYSTEHS. 
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to rotary 
vacuum pump A 

..-::=:===-+- to rotary vacuum pump B 

8-.......:1 

2 

1 

\ 

\ 

-.~ 

dewar 
~~t==~ evacuation 

connection 

LEGEN ~ 
1 (j:Jss dewar witfl lièfi.!.id N2 cnamberr 
2 stairJess Sfflfl{ ta~ -y~incfj o.d. 
3 br.ass container top 
4 a{uminum foil gasket 
5 six screw's 

1 •• 

6 copper contalnE?r 
7 1'ubber stoppers 
8 ru bber s{efNe 
9 aluminu.m stoppe.,. 

10 noie for \adding iiquid N2 

\ 11 clamp to 'adjust cell /)eignt 
12 two RF feedtnrougfls 

'13 tefion plug witfJ six . pins for 
neater and tf1ermocouples 

14 mercury ma,nometer 
15. Todd vacu.um pressure regulator 
16 drierite-- co{umn ,and trop 
17 çonnection to pump on I;quid N2 
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C: EXPERIMENTAL SET-UP: 

The fully aS8embled vibrating reed apparatus, including the 

vacuum and coo\!n~ systems i8 given in Figure 11-3. The low 

temperature dewar vessel is of glass and con tains an inner and an 
; 't 

outer annular chamber for liquid nitrogen co~lant. There is pro-

\ 
vision for pumping on the liquid nitrogen in the inner container 

to achieve temperatures to -210°C. A second rotary pump equipped \ 

with a vacuum pressure çontrol unit is used to maintain a low 

constant pressur~ inside the sample compar~ment with lowrtemperatur~ 

sealing achieved by means of an aluminum foil gasket. The "dewar 

vessel,rests on a platform suppdrted by rubber stoppers, for 

vibration isolation • 

',' ,. 

• i, • 
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III MODE OF OPERATION: , 
A: SAMPLE: 

The sample is a molded rod with square or rèctangula~ cross 

section, and typical dimen~ions: 
r," 

1 - length,- 2. to 5. cm; 

w - width - 0.60 cm; and 

t - thickness -,0.10 to '0.25 cm 

An iron tab i8 glued te one end-of the samp1e with epoxy 

glue. The tab Can be a rectangular piece éut from a razor blade, 
• , ~ 1 

with a typical weight of about O.OO~ g. Figure 1I-4A shows the 

sample and tab geometry in relation to the clamp and magnet 
'. 

positions. It should be noted that t i8 the 'free' length from 

the clamp to the end of the sample. 

The tab faces the magnetic coil; when alternating cu~rent 

19 applied to the coi!, the force on the tab r"Sets up a vibration 
1 

in the sample. 

The resenance frequency f of the rod depends on sample / 
o 

geometry according to the relation: 

f 
o 

thickness 
IX (length)Z 

f 18 also d~pendent on modulus and 
o 

.... (II-l) 
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FIGURE' II-4, A & B ' 

A: V1BAATING REED SAMPLE AND TAB GEOMETRY IN RELATION 
"'. 

Ta THE cwœ AND MAGNET, -
. . 

, . 

B: THE ASSEMBLED VIBRATING R~~ CID.L 
1 ! 

/ 

;/ 

p • 

'~a) SIDE VIEW 

.... 
(b) FRONT VTEW 

(c) CROSS-SECTIONAL VIEW THROUGH CLAMP 

/ 

• 1 

", . 
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CELL ASSEMBLY: 

The a8~emble~ __ çell i8 shown in Figure 1I-4B, where dra~ings 

(a), (b).. ,~nd (c) represent side, front and cross-:,sectionaÀ:.:..,iews 

'~,respectively. Not'shown i9 a nichrome heating wire of resistance 

" ~10~', wound a~ound the support rod above the clamp. 

.,-. 
The following steps are taken on assembling the cell: 

, 1 

1. ,Position cla" on support rod ùsing centre screw. Line 

up clamp, transducer, 8ample and electrode as perfectly, as poss~ble, 

as in diagram (a) of Figure 1I-4B. Be sure sample i8 centered in 
f ? 

clamp and' closely perpendicular to it (for ,pure transverse"vibration). 

2. Tighten nuts against springs (diagram (c» of Figure 1I-4B 
, , ' 

f.or very tight clamping. Both sides should be,about equally tight, ~ 

to avoid cra,cking the transducer. (This rarely happens with PZT-4 

ceramic tran8d~èeis which are extremely tough, seldom crackifig 

even Jnd~r severe stres's su ch as that due to rapid cooling.) 

~'3.'" Centre metal t&b exactly over the poele of the magnet and 

set clearance to about .5/1000 to 10/1000 inch (l~/IOQOn for 

th~nest samples (about 0.1 cm thick) which might ptherwise be , , , 
"'-. ' : 

bent causing the magnet 'to t;ouch the. t,ab),'_ Thi1 :adju8tment is 
.' , 

, • done udng the_ two nuts whic~ hold", tl:te fuagnet in place. Th-ickneu . , 
\'. 

" f:'~ 

... . .. ' ~ ... _'. ' . .'~t 1. 

T -' 

-" 
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gauges may,' be used ta measur,e spacing. The lawer this ~pké'ing is, 
1 

the greater the force will be. 

/ 

4. Position thermocouples as desired either in the vapour space 

(such as that shown in diagram (a) of Figure 1I-4B) or possibly 

touchin~ the fixed end of the samPlr' ' .~' 

5. Prepare the aluminum foil gasket as-follows: fold several 

layer~ of foil Over the mouth of the cell container and tape in 
, -

place; th en caref1-l1ly cut away the inaide area usin'g a compass point; 

~ 

next press the remain~ng inside area onto the inner wall of the cell 

container; then break the foil gasket ~t the six screw holes (again, 
• • 

using a compass point) and place the cell éontainer carefully around 

the sample assembl.Yi finally, insert and securely tighten the six 

r 

screws. 

6. If desired, pface sorne drylng agent inside the container 

,on ass~mbly, to ensure reasonable dryness throughout the ~xperiment • 

4 

<.t C: " COOLDOWN AND wÀRMUP J>ROCEDURE: 

c , 

1. Warming Tests: 

A '-U&eful test procedure is to cool the cel! down with liquid -

nitrogen additioh ta t~! central dewar. Once liquid N2 temperature 

(ca. -195.5QC) 18 attained, pumping on the caolant 1s begu~(Pump B 

1 

1 
r r 

l, ' 
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o in Figure Ii-3) 50 as to achieve temperatures as low as ~210 C. 

Solid nitrogen will be produced in the Middle dewar. The pumping 

rate wi~l be very high at first, but it will be satisfactory 

once the liquid nitrogen has solldified. E~entually the celi 

temperatur~ will be~in to rise_at a rate which depends.on the 

1 

quality of the dewar's insulating vacuu~. 

Slow warming rates are advisable for SeveraI reasons: rapid 

rates May result in differences between sample and thermocouyle 

temperatures, leading to errors in sampIe'temperature measurement; 

o also, very slow wapming rates{say about la e/hour) appear necessary 

to allow detection of low strength rela~ations {i,e, where 

âf If ~l/lOOO). Liquid nitrogen may be added to the-out~r dewar. o 0 

to retard the warming rate, while the heater may be used between 

measurements-only, to speed up the warming rate. {A low heater 

rheostat setting of, say, 10-20 volts shduld be 'used to ayoid 

burning out ..... the heater.) ... 

Controlled low pressure (say, 2.0 ± 0.05 cm Hg) in the 'sample 
\ • 1 

containe~ is desirable for eff~cieht he~t transfer within the cell and 

neg1igible sample energy 108s due to air resistance. Pressure ls 

controlled by means of a rotary pump (A in Figure 11~3) 'acting 

through a Todd vacuum' pressure regu1ator. 

Jo 

The follow~ng steps are taken ln conducting a warmlng run: 

a) pump down main dewar insulating vacuum beforehand; 
" 
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- - \. 

b) evacuate sample chamber; (~: The Todd vacuum 

pressure regulator must first be on bypass (stopcock 

open); then close for control.) 

c) cool by ad ding 1iquid N2 to inn~roand ~uter ~ewars; Î 

d) when approximately at liquid N2 temperaturé, ump on 

e) set angle of the vacuum pressure regulator the 

desired pressure (u8ual1y 2 cm). This May require 

occasional rèadjustment if leaks are present, i.e., if 

the a1uminum foil gasket is not sealing weIl • 

2. Cooling'Tests: 

. : 
_.:1-. 

With the existing cell, a cooling run May a1so be done, in 

which the sample celi (internaI pressure control1ed as above) is 
1 

cooled with sm~ll additions of liquid N2' measurements being made 

between additions. Too rapid cooling May produce spikes of trans-

a ducer noise'" making cooling rates lower than 1 C/minut~ advisable. 
, 

MEASUREMENT PROCEDURE: 
j 

. / 

Measurements are done as a'function of temperature with the 

folloving ~teps taken: 

)) 
"--" 

, 
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1. Turn Frequency Synthesizer, Frequency Gounter, A.C. 

Amplifier and X-y ,Recorder on. Loèate,the resonance frequency by, 

varying the frequency manually in the expected region. 

2. Set the attenuator db l~ to give approximately lovolt 
q i 

maximum amplitude ai the X-y Recorder. (Use O.2·vo~t/inch vertical 

1 
scale on the X-y.) ~his will generally ensure that the signal la 

much greater than the noise. 

3. Select'the appropriate X-y Recorder horizontal scale,'so 

that the resonance curve is wide enough to 'give accuracy in the e 
half-width measurement. 

Plotting a Resonance Curve: 

/ . 
, 4. With X-y servo switch off, turn on 'the triangular 'wave 

generat~ Then turn X-y servo on ,(activates pen) and curve,wl11 be 

plotted. 

.J 

Notes: ---
, / 

a) Adjust plotting Fate vith function generator diai. Tao rapid 

plotting May cut of t'the top of the.peak. 

. 
b) The frequency range covered depends on the Frequency Syntheslzer 

, 
setting and the function generator output level, as outlined~in, 

• S~ction B. Adjust these to plot the resonance curve. 

' . 
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1 \ 
c) Baseliri'e: To obtain the baseline, set the a'ttenuatar- ta a 

very high db level (so that essentially zero signal goes to 

magnet) and replot as before; 

~ plot a sufficient regio~ around the peak, and project back 

the baseline. 

5. After plotting, turn of~ servo, then turn ~ff function 

1 
genera~or, returning instrumen~ to manuai operation~ Turn on 

servo again. Using the CAD, locate the resonance frequency f , 
o 

( 

by manually adjusting tc.maximum amplitude. Record this frequency 

(or the period) and (immediateIy) take temperat~re r~adings. If 
~ \ / 

temperature is changing very quickly, record it before and after 

plotting the resonance curve. 

6. Repeat steps 4. and 5. as a function of tem?erature. 

E: OPERATING PROBLEMS: 
o 

1. Noise: 

Some no~se (mostly 60 cycle) is unavoidable in the test. 
9 

In generaI, Sigral is easily much ,greater than noise, but the 

following should be note'd: ./ 

a) The heater creates very great noise and must ,be off during 
~ 

measu.rements; 

,\ 

! 

J 
.1 
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\. 

b) The thermocouple meter also produces considerable noise 

and must be off during measurement. The same is true for 
--

manJal potentiometer measurements. 

Low frequency A.C. noise (e.g. 60 cycle) can readily be 

detected by using the ~-y Recorder zero ,chèck at an off­

resonance frequency (the drop in si~nal ia noise) or by 

looking at the waveform on a 'scope' (noise producea 

distortion) • 

c) Erratic noise may result from dirty X-y Recorder switches. 

cl) Noise spikes may arise from too rapid cooling or heating 
'il 

of the piezoelectric transducer, proQably due to, uneven 

forces. 

2. Temperature Measurement Below -2000 C: 

Thé Fluke Thermocouple meter i8 not'ca11brated for 
6 

o operation below -200 C. Therefore, a millivolt potentiometer 

must be used ~t lowest t~mperatures, such as those dbtained 

for pu~ped liquid nitrogen. 

, J 

1 
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.' 

FIGURE II-5 

, 
:&YPICAL VIBRATING REED AMPLITUDE - \ 

FREQUENCY PLol l~LUSTRATING HALF­

WIDTH AND RESONANCE FREQUENCY () 
1 
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LV_ RESULTS AND CALCULATIONS: 

1 

Fig~re 11-5 shows a typical amplitude-frequency plot. from 

the resonance frequency, f o ' and the half width, 6fH.W.' are 

LOBS Tangent: 

tan ô = • •• (II-2) 

If half ~1dth, (âf)H.W.' is measured in cm. then 
~ 

( Af) H W (cm) x l'inch x S 
LI H.W. = .. 2.54 cm 

(volts) x factor (Hz ) 
inch ~vlt 

(II-3) . 

where S ls the,XY Recorder Scale setting and 'factor' 19 the Frequency 

Synthesiz~r frequency/voltage factor. 

Example: For 0.5 volt/inch horizontal seale on XY Recorder and 

ln Hz - 0.3 v on Frequency Syntpe~izer, 

3.79xH.W. (cm) 
f (Hz) 
o 

tan ô = 

" 1 
1 

Dynamic Storage Modulus: 
'1 

r/' 

.. 

.•• (II-4) 

, 11-3 
The Storage modulu8 or Young's modulus 18 calculated as follows: 

J 
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Il 

.' . 

where: kl ::: 1.875 (fundamental) 

kz <= 4.694 (lst overtone) 

k3 ::: 7.855 (2nd overtone) 

density, length and thickneSJ; ,respectively. R. and tare ·sample and p, - ' 'l tr. 1 ' Thus, for the fundamental, El = 38.33 P f' 2, ",: $ 
, , -"2 0 ' t 

(Il-6) 

with the constant 38.33 replace~ by 0.9758 and 0.1244 for the firet • 
and second overtones respectively. 

,QInamic Lass Modulus: 

El! -= tan 6 (E') . 

/' 

\. 

, . 

. 

.. , (1l-1) 

, ' .. 
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l, 

v' SOURCES OF ERROR: 

The vibrating reed design has been based 9n that of Fielding~ 

11-2 ( 
Russell and Wetton , which 18 capable of det~cting small mechanical 

, 
dispersions. ~or methyl group motions in particular, it is ~ecessary 

to det~ct modulus changes of the order of one lpart per thousand in 

a sa~ple which is being cooled (or warmed) through the relaxation 

region. Tb achieve such high precision in modulus, a Freq~ency ~~ 

Gounter capablé.of measuring resonance frequency (or period) with 

an accuracy approaching one part per million was incorporated into 

the design. The error in f was th en determined mainly by the ability 
o 1 

. of the opevator to manually set the vibration ta resonance~ For polymer 

samples at low tem~eratures (say, tan 6 ~ 0.001), use of a sensitive 

X-Y Recorder X-scale (say -1 Hz/inch) probably aHows f to be set o 

to 1 part in 50,OOq. 

11-2 ~"\ 
Fielding-Russell and Wetton fOUnd standard errors of ± ~% in 

. .-
El and ± 0.001 in tan ô for regions of low 1055; the y attributed thi8 

variation to sample preparation conditions and accuracy,of measurem~nt 

of sample dimensions. The-same degree of, variation in El a~d ta~ Ô 
1 

has been observed in the present experiments with PMMA samples at low 

temperatures. 

\ 
Effect of Noise: 

The presence of noise can ea8ily account for the error in ta~ ô 
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level. Figure 11-6 shows the effect of 60 Hz noise on f and tan 6 
o 

o ' . for a PMMA-He sample at 22.2 C and 1 atmosphere pressure. It ,can, 
/' 

be seen that signal/noise r~tios less than ~40 produce low values 

of tan ô by the mechanism shown, bot no ~ignificant change in f 
o 

~ 0 

(and therefore modulus). This expe~iment suggests that a constant 

~ignal/noise ratio throughout a test done as a funetion of temperatu~e, 

would produce a constant error in tan ô without effect on the tem-

perature position of a mechanical dispersion. 
~ . ' • 

Effeet of Manuâ1 Measurements: 

.,=~.~. _. 
'..., 

An error of ,.., 1% in~\~dividual tan ô values reBults from nieasuring 
. \ ' 

6f
HW 

off the chart. ~~rors ~n measurement of sample length and thick-

ness can account for ~ 4% erroF in the modu1us. Also, no correction 

was made for the graduaI change ,in'sample dimensions with te~ 

,l?.erature. 

Effect of the Metal Tab: 
l 

The mass of the metal tab has been neg1ected in the mbdulus 

calculation. If desired, however, correction can be made with the use 

tI-2 of the following equation 

El = 
35 t~ 

, " 
, \ 

(140 ~ + 33 pWtt) • •. (II-a) 

where ~ is the mass of the tab attached to the free end of the sample 

1 

1 
t 

'J 
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and aIl other variables are as previously defined. Equation,II-8 

'" 
implies that modulus values given in this report are"" 5% Iow froin, 

1 
-1.. 

this source .. This is not serious, since it is the temperature~ 

location.of ~he relaxations (obtained from changes in modulus with 

temperature) which 18 of importance in the present study, and not 

the absolute value of modulus. 

Effect of Pressure and Temperature: 

The effect of gas pressure within the sample cell Is impo~tant. 
o 

In similar experime~ts at - 10 KHz, Bordoni et al !I-4 found that, a 

pressure' of 1 atmospher~ gave a 0.001 contribution to tan ô.'°the 

present experiments hav~ confirmed this and have a1so shawn that 

modulus is reduced by"'" U: on changing from vacuum to atmospheric 
J 

pressure. Vibrating reed tests were therefore conducted under ~ 
1 

controlled low'pressure of ~ 2.0 cm, which was considered to minimize 

these errors. At the same time, this pressure levei allows sufficient 
. 

heat transfer within "the cell to achieve reasonable warming rates 

0' (say, 10 C/hour) and low temperature gradients along the sample 
1 J 

o 0 ~ 

(gen~rally <1 and often as low as 0.1 C). Measurements are carried 

out during sample warm-up, with typica1 temperature changes of 

o 0 
~0.2 C during a frequency ?weep (tan ô measurement) and <0.1 C 

during an f determination (modulus m~asurem~nt). ~té;ise temperatures 
o 

(± O.loC) can therefore be assigned to th; data points, \nabling 

accurate location of low strength mechan~cal relaxations. , 

) 

N 

\ 

1· 

1 
J 
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FIGURE ri-6 . 

. " 

EFFECT OF 60 Hz NbrSE ON LOSS'TANGEN1QAND RESONANCE 

, ~ 
FIŒQUENCY FOR PMMA-~8 AT 22.2°C" AND 1 ATMOSPHr..RE 

PRESSURE. THE ~NSERTS SHOW Iwo VOLTAGE/FREQUEN~Y 

SWEEPS ILLUSTRATING LOW NorSE AND HIGH NOISE (NOISE = 
AV) SITUATIONS . 

(Signal/Noise) 
Ratio 

75. 
41. " 
22 .. ' 

',. 

fa 
(Hz) 

177 .4 5'.89 

" 

., ' 

12. 

,-177 .4 
177.7 
177 .2 
178.3 

" 5.82 
5.64 
5'.43-, 
4.86 
4.48 
3.86 

'. ,~ 

6.,2 
~.1 
1.4 

:", 
1 

,'17.7.6 
177 .4 

, . • 

1.. 

o 

, . 

.. 

--'~~--------------------------~"~~-"~--------~ 
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APPENDIX II l 

ULTRASONIC INSTRUMENT 

.. " 
DESCRIPTION AND MODE OF OPERATION 

, 1 

In "this section, a detailed description of the ultrasonic 

,!pparatus e~loyed in this study 1s presented, so as to allow t~e 

reader to assess the precision of the technique and to repeat the. 

experimen

t 
if he so desires. As was thé case for the vibrating 

reed 1nst ument, very small rela~atiops have been d~tected.' The 
~ 

design of his instrument is "based on that employed by Dt. J. Krause 

of Bell Laboratories. 

.. 
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APP~NDIX III 

'ULTRASONIC INSTRUMENT, DESCRIPTION AND MODE OF OPERATION 

SINGLÈ CRYSTAL PULSE ECHO' TECHNIQUE 

INDEX 

.... 
l PRINCIPLES OF' OPERATION 

II DESCRIPTION OF INSTRUMENT 

A: SCHE~!ATIC DIAGF.A14 OF ,APPARATTTS 

B:' RF PULSE GENERATOR & OSCILLOSCOPE - Detailed 

'- , 
Des~riP:ions jnd Setting~ 

C: LOW TEMPERATURE CELL DESIGNS 

L Design for 15 and 25 MHz Quartz Transducers \ 

2 ~ Design for 1 and 2.25/ MHz 'Ceramic 
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ULTRASONIC APPARATUS SINGLE CRYSTAL PULSE 'ECHO TECHNIQUE 

< 
" 

I PRINCIPt'ES OF OPERATION 

The dynamic ,echanical properties of materials at h:l.gher-than-
, , 

audible frequencies (greater than - 20,000 Hz) can be determined ,from 

tests utilizing ultrasonic waves. These waves are gê'nerated by piezo-

electric transdueers (e.g. quartz crystal sections) which change dimen-

sions in an e1ectric field. In the commonly-used pulse echo experimental 

technique, a single crystal ia used both to generate an initiai ultra-
" 

son!c pulse which ie coupled into a sample and to detect echoes from the 

opposite face of the sample.The method has been successfully applied to 

polymerie solids from room to ~ryo8enic tempera'tures • 

The apparatus uescribed here permits measurements of attenuatiôn 
.... ~~~ 

coefficient and speed of sound for longitudinal waves in low 1088 solid 

8mples (tan, ô less than - 0.02) over a frequency range 'o,! l to 20 MHz. 
1 

From these experimental values, the 10ss' tangent (tan 6), real YO\J:ng 1 s 

modufls (È') and imaginary Young's modulus (E") can -be calculated. 

, -

l 
1 

nit roge;" tempe ra ture---{-l-%~----tG--'~~b-.--Elle--------i1--

latter being attalned with the use of à low wattage heater. 

Pressure Range: Normally 1 atmosphere throughout a t~st. Vacuum operation 

is also 'possible, with su1table ex.,er1mental technique. 
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DESCRIPTION OF INSTRUMENT 

A: SCHEMATIC D1AGRAM OF APPARATUS: 

A schema tic diagram of the 4ltrasontc pulse 'echo apparatus 
~ 

has been given in Figure 13 of the Experimental section and is 

reproduced as Figure 111-1 fo~ convenience in the present discussion. 

The Pulse Generator ma~n frame - R.F. plug-in combination (A+B) 

generates pulses of radio, frequèncy at the desired frèquency; these 
\ ' '-

pulses are applied via Impedance matching- network D to piezoelectr1c 

transducer T. which vibrates at the frequenb y of the elçétrical 

signal. The transducer i8 attached by maans of a th!n layer' of 

suitable bonding agent X to solid sample S which has closely parallel 

faces (as compared to the wavelength of the ultrasound). The ultra-

sonie pulse ia coupled into the sample where it travels st a charac~er­

isUe speed(and undergoes a series of internaI reflections from the 

aalllple fa~es until aIl the sound' energy has been dissipated. The 

transducer also acts as a detector for the returning pulse echoes, 

producing electrical pulses which pass baék through the matching net-

work D and the steePed attenuator C to RF plug-in B whete they are 

amplified and, then rectified (leaving only th!'! RF puls~ envelopes). 

This video output ls then displayed on Oscilloscope E where an 
, 

~xp~nential1y decayin~ series of évenly spaced puls"es la obsefved. 
& 

_The stepped attentuator C 18 a variable resistance unit\u' 

to' measure relative attenuation levels of the puls~ echoes,. The 
\ , 

Osci1~oscope yields acc'urate values for the Ume, between these echoes. 

This information is analyzed to obtain the desired mechanical propert1es". 

ri 1/-. 

f 

), 

,/ 

, , 
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FIGURE III .. l .' 

/" . 
SCHEMATIC DIAGRAM OF ULTRASONIC PULSE ECHO APPARATUS 
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ottenuotor © 
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motchil'}9 ----+0 network 

@ 

@ 
IVs J 

\ 

® \ 
scope 

fronsducer 

<ID sample 

,A Pu~ Gen@rofar( main tram@: Mat@c mod@/ 6600 
B Rodiofr@qœncy plU9:in: Ma~c mocJe.1 950, 1-20MHz r~ 
C St@~d Attenuator, 0-80db in al db st€f)s: T@xscon LA'5 
o Impedanc@ fv10tcfJing Network,0-28)J.fJ : Mafe.c mo~l 65. ratfX:I 

5-30MHz ' 1 

::;. 

__ E---,OscilbsœpE? : Tektronix moœl 535A \VitfJ type L amplifiear 
T TiiinStJllcer: quarTz,Va/pf8J-FisfJeT' Co.,.p.; ceromic, AùfQmgffQrJ ___ ~ 

IndustrÏ@S 
s SOmplf.1,cylinclrical, witf1 close/y pàrallel faceas (top face .,.eaqulrE5 

'an electroc:/e {or use witfl qu.artz transdu.cer) , 
x Bonding liquid lay@r b@t\v@@n transduc~r and sample 

l 

. '-

. . \ 

(nu.mb~1'S given ,in tfJ~ figure OTe tlJpicai for /5 MHz oPf!1'Otion) 

- - ...... "'- -~ .. ----- -~ ..... -_. __ ...... _ .. --- -. . -
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B:, RF PULSE GENERATOa·.AND OSCILLOSCOPE - Detailed Deseript:Lons and 

Settings: 

Radio Frequeney Pulse Gênerator: (Parts A & B in Figure 111-1): 

The Matee model 6600 main frame, in conjunction with model 950 

. ~F plug-in, produces high vol.t.age RF pulses ('" 150 volts peak-to-

~eak) of variable'width (0.5 to 5 ~see) and repetition rate ( 5 - 500 

pulses/sec) over a nominal frequency range of l ta 20 MHz. (The model 

960 RF plug-in covering the frequency region 10 to 310 MHz i8 aIs a 
.. 

available .) 

Optimum Settings: 

Main Frame (6600): 

Mode of operation: A - single pulse mode. 

\ 
Maximum, ~ 150 v. peak-to--peak. Pulse amplitude: 

Pulse repetition rate: Nea~maximum on 50 - 500 pulse/sec seale. 

Pulse width: ,J 2 lJsee - set faro sharp echoes of max~mum 

height; kept constant throughout a given test. 

Receiver gain: Maxim~, ,.., 70 db of amplifiea"tion. 

Plug-In (950): 

RF tuning: Range and tuning dials are ~et aecor~ing to 

the calibration table suppliedj 'fine adjust-
\ 

ments are ,made after sample assembly sa as 

ta aehieve maximum eeho strength and symmetry. 

Detector fil ter! Position l for < 3 MHz 

Positi9n 2 for ~ 3 MHz. 

, > 

_ ~ -,-,- ",,,,,,"---~.,. .. ~~-'7 :--\-;-..,.-' ~,- '-~>I ,~", "'-> ./~~,:""--7'~"" - .~,",.,{~ ~ '~t.. ,~". ,~/~/, "'>,. 

i. • ... ..Jl1 ... :lW,h_, .. ~.J,:..N...l!;&r~-""'- ....... ·....;:.·, ~.'.......~i>lIL!~...iïI.i. • .... '....J.i.'_ ..... ~~~~ ............................ ~~iiIÎIIO ...... "-.-...iilloill.. ....... 
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Cable Connections: 

jlRF Ou~' 

RF echoes in: 

, 

Video output:, 

Sync output: 

(III-7) 

The 1 LOW-Z' output from the plug-in '-(BNe ,. 

fitting) is connected dfrectly to a BNe tee; 

the two arms of the tee arE7 connected by cables 

(each 2 feet long) ta the atten~ator and matching 

net)'ork input respectively. 

The ultrason:tc echo train to be amplified goes 

from the attenuator via 2 foot cable to the 
\ 

'IN TO RECEIVER t connec tOI' on the plug-in. 

Goes to the vertical scale of the oscilloscope 

from a rear main frame connector. 

Goes to th~ trigger connector of the B hor:izon-

tal scale=.Of- the oscilloscope from a rear main ~ 

frame connectaI'. 

AlI cables are coaxial with 50 n characteristic Impedance, and 

BNe fittings. 

!' 
Oscilloscope (Part E in Figure 111-1): A Tektronix 535A oscilloscope 

- \ 
equipped with a single trace L-type plug-in amplifier and viewing 

hood i8 operated in the tA DELAYED BY B' mode. Here, the B time base 
, 

i8 triggered by the pulse generator and the A time base le triggered 

after a time Interval \Jhich can be -varied manually with the delay 
J 

time multiplier. This special feature of the model 535A oscilloscope 0 
\, .. 

permits very accurate, measurement of the time between su~cessive 

lII-1 ultrasanic echoes. 

--r -" ~ . , :' """.-: ~ \:; T,;:: .-...... - ~ ~ ",. '; -
-~ _~ ......... , .................. ~ ~A'.... :;-". ,~~- 'l_ '. ~': .... (; !~'lli":'>'- .. , 'j. 

" , 

j' 
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Optimum Settlngs: 
\ 

Horizontal display: " A delayed by B. , 

Ti1\le base A: 

, 

Time base B: 

Trigger input - from B delayed trigger , 
connection 

Triggering mode exte,rnal, negative 

Triggering leve1, stability approximately 

Middle scale for both 

Time/cm - 2 llsec/cm for thinner samples (as 

used wi th 15 0 and 25 MHz quartz 

transducers) 
, 

- 5 llsec/cm for thicker samples (as 

used wi th.. automation transdueer~). 

Trig'ger input - from pulse generator 'sync 

out' connection 

Triggering mode - ext~rnal, negative 

Triggering level, stability - approximately 

middle Beale for both 

Delay Vme/cm - again 2 or 5 lJsec/cf depending 
c 

on sample thiekness 

Vertical Scale (type L plug-in): 

2 volts/cm, A.C.; input; from pulse generatol"-

----(-------------.-:-------~''..:!,id.ri deo!..-connection 

The oscilloscope viewing hood serves to reduce refle«ted light frOID 

the sere en facilitating visuâl observation. 
, l 

o 

An.alignment mark plaeed on 
\ 

this hood may be used to diminish parallax error lin the time measurements. 

," 

\ 

, ' 

·1 
" 

'i 

1 
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1 1 
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C:' Lbw TEMPERATURE CELL DESIGN: 

1. Design for 15 and 25 MHz Quartz'Tran~duc~rs: 

\ 

This low temperature cel! 1s illustrated in Fig~re 1II-2. It 

" 
is specifically design:f:!d for use with th!n unplated !"-diameter 

X-eut quartz transducers., A principal. feature of the celi ls that 

~' 
the sample holder may be assembled independen~ly of the body of ~ 

the cell. 

AlI parts are of copper for high thermal conductivity. unless 

otherwise noted on the dlagrams, except for the pins which are al! 

1/8"-diameter stainless steel. The cel! container ls principally 

stainless steel, but,silver soldered to copper at the supported 

end (see Fl~ure 111-2). This i8 to permit a soft solder joint to 

" 
be made between the container and cell cover for operation of the 

cell under vacuum. However. the celi is generally operated at 

atmospheric pressure, so that this 'soft solder '~nection' i8 not 

needed. 

It 18 very important that the sample h~lder and cell body be 
-----
ln 1ntimate" con tac t in the ,àssembled' ceU. - Th 1 s'- 18- to-,proVTdïfan --- ----.-- - '" 

effective ground connection for the unplated lransducer. (The 

ground passe.s from cel! body to sample holder to the sample's .r 
, ( 

electrode s':1rface (see part III A:" 2).) The brass button thicknells 
o 

" \ 

musç also be carefully chosen so that the 'spring cOl,lf:act is 
,,"! 

• 
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compressed the samp1e holder and cell body surfaces are 
~ 

1 

flush. This pring çOUhte;acts the differential shrinkage which 

odeurs as te 
't 

is decreaSéd, thereby maintaini~g the trans-
r 

ducer / samp1e ontact. 
J 

f' 
f' Figu:re 

• 
shows this low temperature cell in pla~e for an 

~ 

surrounded with a close-fitting copper 

aches'over the cel1 COVer?y means of several set 

s~tews. This ja both to hold the· inner cor~ainer .in 

place' and eve b~tter temperature 

celle 

, 1 

uniformity ~roughout the 
) 

.Des! n for 1 and .25 MHz Ceramic Transducers: 
t 

" The ~region from 1 to 10 MHz was stù'died using 1 MHz 
1 .v \ 

and 2.~~ MHz Aut mation Industries mounted ceramic transducers at 

, fundamental and 1vert~ne frequenc±es. The, transd~cer and samp~e 
1 • , • " 4 

clamp~ together in the sample holder described in part were simply 

1. A thermocouple was positioned and the appropriate coaxial' cable 
" 

'connected. An aluminum foi1 container was fashioned ~b~ut'this cell 
r-

and the assembly placed in a dewar ~essel for coolîng7These ex-

" '. '. 0 • 
periments ,were limited to tèmperatures greater than -, -100 C in 

~ 

arder to avpid cracking the mounted t.r,ansducirs. 

" 

l 

, 
< 
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FIGURE 1II-2 

\ 

l, , \ 
1J!JW TEMPERA'llURE ÇELL DESIGN FOR USE WITl0i"-DIAMETER 

Il 

SAMPLES AND ~"-DIAMETER QUARTZ TRANSDUCERS (FREQUENCY 

RANGE ~5'- 25 MHz), 

ASSEMBLY DRAWING ACTUAL S IZE. 
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FIGURE III-3 

, 
• LOW TEMPERATURE CELL (FREQUENCY RANGE 15 

IN PLACE IN SPECIAL DEWAR. 
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25 MHz), . , 
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III MODE OF OPERATION 

A .tj',1 SAMPLE PREPARATION: 
'- • /0 ZJ 

which are cylindrical in shape, may be prepared by 

tha compression mplding techni'que. They must be free of air bubbles 
. , 

and imperfections which would absorb and scatter ultrasonic, waves. 
1 

Impur!ties also contribute to ultrasonic absorption at specifie 

temperatures and frequencies. 

, 1. Optimum Dimensions: 

The sample diameter' must be sufficiently greater than the 

transducer diameter to minimize the effects of beam spread. Bearn 

spread increases as frequency and transducer diameter decrease. III- 2 

Consequently larger iameter transducers are used at 1ow~r frè-

quencie$. 

The thickness 80 that consecutive echoes 

do not overlap and therefore interfer each other. However, 

tao large a thickness will resu1t in fewer observable echoes, _ 

reduclng accuraey in the velocity and tan ô calculations. There 

exists an optimum thickness depending on the pulse width used 
"'! 

( .... 2 IJsec) and on the attenuation c;oefficient (db/cm). 
o 

Opposite- sample faces must be paralIel to wlthin a tenth 

of a warelength to mlnimize wave caneellatlon (whtch causes too' 

.1 

.j 

. " 
~ , 
, ' " - .. ~ 

j, ;." 
• ~ .:~, 1 

" , 

" . 
• 1 • 

1 
~ 

. i 
,.j 

1 
1 , 
1 
1 , 
1 

1 

i 
1 
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high tan 6' s). For the polymeric materials studied, '"the wave-

length varies from .... 0.01 cm at 2511Hz to .... 0.25 'cm at 1 MHz, 

sa parallelisms betie~ than 0.001 cm are necessary. The parallelism 

can be obtained by measuring the sample thickness at many points 

using a narrow bore micrometer and it may be improved by sanding 

or machining, if necessarYl 

Recommended sample and quartz transducer dimensions have been , 
111-3 ' ~ givan. In practice, 'hawever, these requirements cannat always 

be met"and acceptable resu1ts have been ~chieved usirlg the 

dimensions 1isted be10w in Table 111-1. 

1 

TABLE 111-1. SAMPLE AND TRANSDUCER DIMENSIONS USED IN PULS~ 

ECHO EXPERlMENTS (PULSE WIDTH ~2.0 ~SEC). j 

Transducer Transducer Sample Sample , Sample 
Typè (F.lement) Diametèr Thickness Parallalism 

Diameter (") (Inch) (cm) (cm) 

X-Cut Quartz 0,.25 0.5 0.42-0.54 ±0.0005-0~001 

Ceramic- 0.312 0.75 0.,6265 tO.OOOS 
Mounted 

Ceram1c-' '-. O. 75 1. 375 1.243 ±O.OOI 
Mounted 

* also operated at overtone freque~ciès 

.' . 

\ 

1 
l , 
J 

" 
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.\ 
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2. Electrode: 

"~ , 
Samples ta be tested wito unplated quartz 'transducers 

(15 - 25 MHz) must have a grounding ele~trode, on the face which , ' 

is against the transducer. A simple techn\que of glueing'an alu­

minum foil electrode (0.001" thick) to the sample with epoxy glue 

was adopted. A smqoth flawless electrode is essential and obtainable '. 
in the following way: 

." 
!il 

a) Place a smooth piece of aluminum foil on a h~rd fIat surface, 

~uch as a glass alide. 
\ 

b) Prepare an excess df epoxy cement, mixing 50i. resin and 50i. 

1 hardener, and, spread thickly on one spot on the aluminum foil. 

(Use epoxy with three hour hardening time.) 

,cl Press the sample firmly face-down onto the glue. Then transfer 

carefully (slide and aIl) into a clamp (such as the sample 

holder of the low temperature cell) and tighten securely. 
o 

" d) Allow the glue to harden overnight (in ,8 desiccator if the 

sample is sensitive to moisture). ,Then remove it from the 

clamp and éut away excess foil and' glue with sciasors • .,. 

The result i5 a >'chin uniform glued layer about 0.005 cm thick 

(&lue and, etectrode) which will not b~~ak at temperatures down to'" " . ., 

o . 
-209 C. Tests were do ne comparing such an elect!rode with vacuum . 

1. \ • evaporated and pressed-on aluminum electrodes, us1n& poly (ethyl. 

Methacrylate) samples (Figure,II~-4). No significant differences' 

were observed • 

• 

" 1 

" 

; . 
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FIGURE III-4 

" COMPARISON OF ULTRASON"IC DATA FOR POLY (ETHYL METHACRYLATE) 

SAMPLES WITH VARIOUS ELECTRODE TYPES AND BONDING AGENTS, AT ' 

13.5 MHz. 

.? 

" ' 
Electrode type 

Q .evaporafed a1uminum 

Â glued aluminum 

0 press~d aluminum 

'1t 

T' (OC) tan t5 x 1'0 =' 

39. 1.19' 

36. 1.17 

23. 1.11 

18: 0.91 

13. 0.84 

3'.5 0.77 

" 

Test 
Samp1e-to-transducer bond Pressure 

-9. 

-13.5 

-19. 

:"19.5 

-2~. 

-37 • 
-40.~ 

-44. , 
Q 

! 

i 
epoxy cerent 

rubber ement 

L09 

0.76 

0.74 

,0.69 

'0.70 

0.64 

o .5?~ 
0.63 

0.64 
0.64 

,0. 635 

\ ' 

oil 

'lit" 

0.4 tmnHg 
r' 1 

)
1 atm. 

0.4 1IIIIl Hg 

',32.5 

2'4. 

4. 
.. 5. 

-23 • 

-41.5 

-J, 

\ 

\ 

\ 

1.00 

1.06 

0.82 

0.70 

0.~9 

0.69 

.' 

\ 
1 
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An electrode is not needed on samples to be tested with the 

Automation mounted transducers, which contain their own ground. 

3. < Thermocouple Positioning: 

A smaii hemispherical indentation (~2 ta ';6 inch (diam~r) care-

• 
fully drilled into the side edge of the sample, May be u;ed to accom-

modate the tip of a fine copper-constantan thermocouple. This 

tèchnique would not be usable with very. brittle samples which may 

crack. 

4. Storage: 

. .,.-
Samples with a tendency to absorb moisture shpuld be stored in 

~ dry environment - e.g. over drierite (anhydrous CaSO~). 

B: BONDING AGENT SELECTION: 

The medium used to bond the transducer to the sample Is critical 

and must be carefully selected aCCOr~ing to the temperaturr region t~ 

be studied. Batem~nIII-4 has stated that."it is de8irabl~,to obtaino.,!:he 

thinnest possible bond that will adhere ta both transducer and"specimen 

over the largest temperature range". In a note on low vlsc?sity liquida, 

III-S \ ' 0 

Matheson c1aims that the "best bondS" are formed by liquida. wh~ch 
L 

'supercoo; in the bulk ta form stable glasjles": Sorne properties of four 

·1 

. . , 

1 " 
~ " 

1 
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very useful bonding agents used in conjunetion with the apparatus 

describéd here' (for longitudinal waves) are summarized in Table 111-2 

below •.. 

/ 

\. \ 

TABLE 111-2. 80ME PROPERTIES OF SELEC~ED ULTRASON1C. . ~ 

BONDING AGENTS. ; 

a 

,. 
Bonding Agent ) 

) l 

Genetal Type Name Temp. Rang'e Notes 
/ Achieved (OC' " . 

, , 
1. 

High viscosity Nonaq grease -131 to +57 Easy to band le and 
liquids compatible with many·..!-, 

materials; background 
losses of 0.5 db/re-
flection are common 

, 
, De200 silicone -12a to +45 Can form thinner bond 

oil than nonaq 

Law viscosity 3-pheny1 propyl -188 to +25 Forms low temperature 
1~quid8 chloride \ glass (Tg = 1470K); 

1 

scat ter in data i~ 
,\ , con~iderab1e around 

room temperature .. 

3-pl;l'enyl-::-l-pro- -157 to +28 Forms low temperature , panol glass (Tg • l760K). 

~ 

. t 

" 

i, 

Ref. 
II 

II 1-4 
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C: CELL ASSEMBLY: 

1. 

( 

Operation with Quartz Crystal Transducers: 

J 
, 

.The sample in place in the céll has been shown in Figure III-2 . 

Steps to be taken in assembling this cell are as follows: 

a) Clean the electrode surface of the sample if necessary, using a 
/ 

cotton, swab wetted with a suitable solvent (e .g?ethanol). Care 

\ , 
must be taken ~hat Boivent does not contact the polymer. 

b) Pla~e the sample in tq,e holder with the electrode side toward 

the circular opening in the holder plate. Center the sample and 

position it' so that the thermocouple indentation Is, aligned w~th 
/J 

the thermocouple hole in the holder plate. Manually compress the 

springs as tightly as possible, to secure the sa~ple, and tlghten , -

the two set screws. Place the holder in a suitable stand wlth 
'\ 

the sample's electrode side up. 

c) Apply the quartz tran~ducer as follows: 

i) Remove the transducér to be used from atorage in acid-

dichr'omate clean~ng solution using plast,ic":coated f~r~eps 

and rinse with distilled water. Gently dry the crystal with 
\ 

a cotton swab. 
'''1 

li) With the Hp of a pin, place a drop of bonding agent near 

the center of the sample's electrode surface wnich ls 

visible thro~gh the -hol~ in the holder plate~. 

Note: There must' be sufficlent bonding agent to bond 

, : 
1 : 

o 1: 

! : 
1 

1 
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~ 

.. Q 

<> .., 

over the entire face of the transducer, but not' enough 
" 

"to give spreading ta both sides of the transducer (which' 
... ~ )- ---

results in ultrasonic pulses trave~ng into the brass 
d 

button as weIl as the sample,oproducing erratic results). 
S,! 

~ 

• 1 

1 For nonaq gre,ase bonds, a )2" diameter drop has béen 

found appropria te. 

iii) Place the crystal gently onter the ?rop of ~onding agent, again 
o 

using the plastic coated forceps. Then press it down firmly 
, " " ~ 

Il • 

with a cotton swab t~ spre~d th~bondi~g l~uid.o making sure 
.\ 

that the cryst~l is well centered. \.., 

c) 

d) Position the gold-plated spring contact (Sèrvometer Co~pany part .' Il 2023) and the brass butten as shoWn in Figure lII-2, 50 that they 
o 

are well centered. THen invert the sample holder (wi~h,the trans-

o 1 ducer now é\ttached to the samp!erl.and f.it it. carefully onto the 
.. " 'cr . ' r 

copper blo~k, matching thê thermQcouple holes in each. Tighten the 
(/ -, ".) 

nutS" firmly around thé' three pins, and p.ositi1mo the;. the~ocouple, 

bending it 50 that the tip tôuches the ,sa~ple wall at the indentation. 

Note: At this point, it may be ac:Ivisable te theck if any 

bonding liquid has spread to the brass but ton side 
o 

'0 

'of the transducer, and, if it has, to remove. the 

excess. 

e) Jnvert the assembled celi an~ slide it into the coppei/stainless 
, 

steel éèll container (which.may contajn sorne drierite to.maintain 
o 

'" 1 dry conditions). Then inetal! the out~r copper container tightening 

the three screws at the top, as sho~ in Figure 111-3.' 
. fi 

Note: For vacuum operation, the i~ner container must be 

D ' soldered s~ut uslng soft "s9.1"der' •• 
1. ,. " 
], " 1 

'. l 
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.. 

f) 'Finally, place ~; :ntire assembry into the dewar ves'~el 
-' , 

a. J 

and make the~ppropriBte electrical connections (Fi&ure 111-3). 

'. 

2. Operation with Automation Industries Mount;'ed Ceramic Transducers: 

,- . J 
Clamp the sample (which requires no electrode) firmly against 

1 

~he transducer, using an excess'of ponding l~quid. The sample holder 

"described ab~ve may be employed as a clamp. Insitall a thermocpuple 

and the appropriate coaxial cable an4 place the'assembly into a wide 

dewar vessel. An aluminum foil container.partly fiiied with drying, 

agent, May be fashioned about the samp1e/transducer assembly. 
" 

D,: MEASUREMENT PROCEDURE: 

, 
1 .. Setting up the Elettronics: 

" , 

p ./ 
a) Turn.on thet~ulse Generator (first main power, then high volt~ge) 

and the Oscilloscope. 

r " . 
l Q '- , 1 

Note: The ~cope sweep may not function immediately', producing 

a very .. .6'right spot on the screen. When th;i.s happens, turn 
/' 

down toe beam intensity to avoid damaging the phosphor on 

the face of the CRT. 

b) Adjust scale settings as dcscribed in the instrumental section. 
~ 

~: For a delay time scale of 2 ~sec/cm, the signal vaniahes 

if t~e delay'time mult~er is close to ~ero. 1t ia 
/" 

, "1 , 

~ ~ L _ ~ _ ........ d..na.&,.' WHCi'H'II,!...Lc'L..: MI f.'.cd ?~ ..&cV1,;4r.;·l";; .. ..".'1' lW- ! t 'If ,Rh rie ~ t'ri « ri 
f f nttt el 'tt'mm) f 

~] t' al 
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~ 

necessary 1:0 start 'each set of readings with the multiplier 

, 1 

dia! at (say) 0.10. No such.problem exists Iwith the 
" 

detector fil ter ~st b9 o~ "1" or "2" for frequenc,ies lel1s than 

or gr~ter than 3 ~z respective~y. Finally adjust the RF tuning 
, , 

and the impedance matching network, setting so as to achieve the 

best ultratonic echo train - as characterized b~ sharp, symmetrï;" 

peak~ of maximum amplitude which follow a unifb~ expone~~ial 
, . 

decay. 

-Note: The ~atching network may not be needed with the. 25 MHz '. 

quartz transducer. 

the test frequency can be obtained from the RF dial 1 61 

setting using ,the calibration tables; this frequency h 

not normally' changed durirtg an ultrasonic test. The 

pulse w:(dth' la also kept constant at "'2 usee, hut i-t lDay 

i f 

occasionally have to be incre~sed sli~htly to remdve aoy 

insta~ility of the trace. 0 1 

There is also a problem of instrument recovery from the 
/' 

high vol~age initiating pulse, which c~n cause interfer-

ence ~ith the firat ultrasonic echo. If thia echo Is not 

exponend.al with respect to the oth,ers, it should ber 

omitted from the calcul,ations., 

'-

,. 

.­J 
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scaÎe). Thert use horizontal position knob to bring the first , ~ 

, 

ultrasonic peak to be measu~ed into coincidence w~th the center 

1 » 
1 _ , 

~ttical' line on,the oscilloscope graticule. (This can be done 
. 

visual1y, minimizing parallax by sighting past a mark on the 

)Scope viewing hood.) / 

e) 'Bring' the -péak to a predetermin~d h~ight (say 4 cm for a vertical 

seale of 2 volts/cm) uslng the stepped attenuator, and record 

~~e attenuator reading in db. 

. -
d'Y Center the next ultrasonic 'pea~ on the scope'using the delay time , 

multiplier and ~ring it to the predetermined voltage level using 

the ,àttenuator. Record the delay ~ime and db r@adings. 

" e) Gontinu~ this procedure for as many peaks as is practical (say 

five peaks for _polymerie samples with tan 6 <'1 0,.01, tested at ' 

-15 MHz). The amount of noise present and the temperature change 

during the mea8urem~nts a1so de termine Jhe" number'of peaks to be 

measured. 

f) Recor~ the final temperature. 
!if., ,. 

1 (. 
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3. Cool-Down 

.. 
.. 
P'rocedures: 

" 

Readings are taken ~s a function of temperature during cooling 
~" 

or warming'. Cooling la achievep either by direct additioI).. to the / 
~ 

dewar of small-amounts of liquid nitrogen or by directing a stream 
. . 

of eold gaseous'nitrogen onto the sample cell. The latter technique 

permits a mor~ uniform coolinS rate but cannat achieve very low 

r.empe~atures ~ue to l,imitations of the transfer system: .used (ShO~~ 
~ in Figure III-5). 

A warming run may a~so be done by first cooling directIy (at, 

o 
say, 100 E/hour) to the lowest temperature desired /(taking care 

not to break the samp+e-to-transducer bond) ,and then reheating with 
,.-

the sample cel1~heater ( 40 n, const'~ntan thermocouple wir~J ~ ~eJ.' 

°variac ~etting for this latter heater shouid not exceed ~20 volts 
\ ~ , 

"ta preve~u, rning the heating ~wire. This useful technique can g e' 

a very unit warming ra,te. 

\ . , 
... 

Note: In cooling and warm~ng tests~f 

mry lag behind the thermocouple 

! " 

this nature, 
\' 

tempe,'fature, 
" 

sample temperature 

to an extent 

which depends on the cooling or warming ratè. 

- l 

f 

, , 
'-
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RESUL''FS AND CALCUU'~IONS 

\ 

(IIl-26) 

l , 

.~ Ultrasot\lc. in~en81ty l ~ec.ays exponential1y" with distance x 
./ 

"" , ~ in a solit! due" ta dissipative mechanisms (~uch as lno1ec,u1ar motion) : 

l ... l -2ax 
- o~ " ... (III-1) 

\ 

where a 19 the attenuation coefficient with.units of hepers/unit 

distance 1n the direction "of propagation and l la the intensity at 
• 0 

/ 

x-o. Figure 111-6 11lustrates this relation with respect to the ~ 

" pulse echo experiment. 
\ 

./ 

• Since the range of intensit1es 19 ~ery ,large, a logarithmic 

scale - the deeibel or db scale - fs gen~ralty used, where 

l . ,. db,= 10 log (r)'= 8.68a x. (III-2) 

"/ 
0 

\ 
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PULSE INTO THE SAMPLE (AT" X = '0) AND OBSERVING THE ECHOES 

CORRESPONDING TO 'ROUND TRIPS' THROUGH THE SAMPLE (AT X = 
2t, 4t, :'JO' WHERE t I~I THE SAMPLt THICKN~SS). Ü~SERT SHeWS 

RF NATURE OF DfCAY. 
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Derivation of t~n 6: , 

~III-28) 

'" 

L\W 
W 
st. 

Energy dissipated in one cyçle 
= E*ergy stored ~ 

, J 

l (x)· - l (xH) 
l(x) ,wh~re À ls the ultrasonic wave- . = 

.length (Flgure,III-6) 

-2ClX -2 Cl (x+,),) 
Q:a ...;:e __ -=-....;e=--___ _ 

• -2ClX 
e 

J 1 

, 
« 

1 

". (IF-3) 

••. (III-4) 

(lII-S) 

• '0-. (III-6) , 

~2(lÀl for (Cl,),) 1 

10ss 6 
1 ilW 

tangen t_ tan = 21I W 

(III-7) 

(III~ 
st, 

ClÀ' (etÀ« 1) 
/ = n (lII-9) 

Substituting'for À ~ vIf 

• ..-",,' ':..<J where v and f are sound veloeity 'and frequency respeetlv,ely, 

ylelds: 

tan ô' - ~ - IIf 

• tan 15 ~ 
1 

1 
= nf 

0.0367 
f 

" [
6\ '(db)] 
8.686x 

A (db) 
Il t' 

1 [ il ( db )] . ,r : = 8.68ITf IJ t' 

1 

(IIl~10) , , . 

(Ill-11) 

./ 

whic~ Is a forro sultable for the pulse eeho experiment. (N~te 
... 

that, in this derivation, t l refers to time.) 
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Real and Imaginary Youngls Moduli: 

Il 
Real Young's Mbdulus: E l 2 = pv (III-12) 

where p ls the density of the medium. 

Imaginary Young's Mod~lus: E" = (tan ô) E' (III-13) 

E' (the in-phase stress/strain) 15 related to energy~tored 

by the medium, while El' (the out-of-phase stress/strai~) i8 relat~d 

to energy dissipated. 

} , , 
B: RESULTS: 

'Figures III-7a and 1II-7b show attenuation versu~ titne and time 

versus distance respectiv~ly for a poly (ethyl methacrylate) sample at 

" 

.10 Mb i 
2q C _and 13.5 MHz. ;rhe ;;lope of the upper c~rve (~t'), yields a tan 6 1 

~ 6~ = 0.0106., The slope of the lower curve (proportional to A) permits 
I!' ~ uX 

, 
calculation of the speed of sound. The siopes and standard deviations 

III-7 
are calculated by the le~st squares fltting techni~ue. A complete 

experiment consists of obtaining such data a~ a function of temperature, 

so that curves of tan" ô and velocity versus temperature are established. 
o • 

Peaks in tan ô and inflections in the velocity (proportional to lEi) 

can then be correlated with molecular mechanisms of energy dissipation. 

Single Peak Measurement: 

Plots of attenuation level (db) for a single RF eeho. as a 
Q 

function of temperature. can exhibit lQcal minima which may be inter­
) 

preted in terms of molecular motion. This technique would be especially 

("0 !S'St' t' ",* t! If' P l' 1 'ut ( 'SP rt:f 
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1 

FIGURE IlI-7A & B 

ULTRASONIC RESULTS 
1 

A: ULTRASONIC ATTENUATIO~ VERSUS TIME FOR POLY (ETHYL 
. . 

METHACRYLATE) AT 24°C AND 13.5 MHz. THE SLOPE YIELDS 

A.TAN 6 = 0:0106. 

1 ~~ 
-r' .-" 

B: TIME VERSUS DIST~ FOR POLY (ETHYL ME~HACRYLATE) 
• AT 24°C AND 13.5 MHz. (1 ROUND TRIP:: 0.544 cm). 

t 

Peak Il Time (u sec x 1/2) db 1eve1 
, 

1 0.10 45.5 

2 1.42 3'7. 
\. 

3 2.72 25. 

4 -3.96 15. 

5 5.14 7. 
/ 

Il 
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/ . 

~ uaeful when only one echo is observable, as in high lo~ materials . 
or higher frequency tests. Hel, the initia ting pul,se frequency • 

width and ampl~tude must be constant throughout the 'test .and trans- , 

- , 
ducer·'heh~vior' must {lot change much with l..temperature. Interpretation 

'Qf any db vs' temperature minima found must still he don~with great 

ca,re - perhaps only in cases where p'osit1.ons of molecular motion 

are already indicated by previous ~xperiments at other ~equencies. 

C :' CALCULATIONS : f 

, . 
A computer prograrn has been developed to calcula te tan Ô. sp'eed 

• 
, 

of sound, and standard deviations in each of these quantities from 
, . 

, 1II-7 
ultrasonic data on two,or more echoes. A least squares fit is 

1 

r 'i 1 

fi~st applied to the ab versus time data, and ta~ 6 tog~ther with its 
. 

standard deviation 15 calculated. Theo time versus distance data is . 

fitted for the same echo train, yielding the' velocity and its standard 

deviation. 

The calculation's are summat:iied as fçllow$: 

For n values of y as a f (x). assuming that x 

values .are p e and that aIl uncertainty ls contained in the y-

,values', whose w.eights· are a11 equal, 
~ 

y = Ax + B (III~14) 

f' , li> 

• G, 

whe.re A = 
r' ... (III-15) 

.r 
'. 

. . '., 

1 

r~ 

j' 
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EX i E (xiY i) . 

(LX~) 2 

The 
(' y' V 

standard deviaticin :of fly values (wher~ fly i 
~ ~. 

,Sy~~ 
J~ 

" 

and the standard'deviation of the slope is( 

/ 

(Ill-16) 

t 
= Yi - (Axi + B» is: 

,( 'l' 
(III-11) 

',' 

(III-18) 

The calC,tllations 'of tan Ô, standard deviation in tan li and speed 

of sound are aIl straight forward. 

1 
However, veloci ty v a -

A>;. 

'. '~ 

~ 

(where A2 denotes 'lope of time vs 

distance data) 
f 

(IlI:"'19) 

(III-20) 

(III-21) 

so that the calculatio'n of standard deviation for ~he velocity 1n­

volves not onl'y th~ st;ndard d'e:iation of the '~lope\, but a{so ~he 
"----square of the velocity itself and a constant factor. :o. ~~-. ~ ---' -~r--

è 
• 1 

l 
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t _ 

The J,lltrasonic computer program (Fortran-level Watfiv) 118 reproduced . /' 

be1o~. Here the variables T, TAND, SDTAND, VEL, and SDVEL rep,resent the 

tellperatur~. tan 6, standatd deviation in tan J, velocitYt al1ef .tand.rd 

deviation in the velocity respectiveIy. " 

/ 

C PROGRAMME TO COMPUTE LEAST SQUARES FIT TO ULTRASONIC DATA - /' 
C X IS TIMÉ (lJSEC*1/2)t AND y 13 ATTEN'uATION IN DB FOR TAN DELTA CALCULATION 
C THEN TIMES ARE REASSIGNEO TO Y'S, FOR VELOCITY CALCULATION _ 
C DATA CARDS- FIRST 1S # OF RUNS, NEXT IS # OF CARDS OF DATA FOR FIR$T RUN + FREQ 
C OF RUN (MHZ) + WIDTH OF SAMPtE (CM) + TIME SCALE. t UCR DATA CARD RAS TEMP(C)+ 
C /) OF PEAKS + TIME FOLLOWED BY DB FOR THE PEAKS IN OROER. THEN CA~S FOR THE 
C SECOND RUN. ETC. \ 

460 

45 

5 
. 
40 

42 
1 

°11 41 

1l, 

13 

12 

1 
II 
" 

DIMENSION X(lO) , Y(10), V(lO), TMULT(1D) 
'"' ÎŒAD,NRUN 

NRUNC-O 
NCC-O b 

READ, Ne, FREQ, W, TIMESC 
'00 45 1.,1,6 

, TMULT(I) ... l./TIMESC 
NRUNC-NRUNC+l 

• ~ 1-
-'1 • . ( -. 

WRITE (6' ,5) NRUNC. FREQ 
FORMAT (J Hl, 1 RUN If 1 t 12, 5.X, 1 FREQUENCY _ ',F5.2,' MHZ') 
WRITE(6,4D) \ 
FORMAT (lHO, 1 TEMP TAN D STD DEV VE,L STO DEV Il Tl 

lDB1 _ T2 DB2 T3 DB3 T4 004 T5 DBS 
2T6 OB6') 
WRITE( 6, 42)_O'MULT(I) ,1-1,6) 
FORMAT(lH+, -46x,F3.1, S(UX, F3.1» 
WRITE(6,41) : " 
FORMAT(lH ,. (C) (TAN D) (CM/US) 

(USEe) 
(VEL) 'PTS -(USEe) 

1 (USEC) (USEC) 
READ. T,N, (X(K), Y(K) .K-I,N) 
NSUlh::O 

--...J.!1SEC) ') 

NCC-NCC+l 
SUMX.O.O 
SUMY-O .0 
SUMX2=0.O 
SUMXY-o.a 
DO 12 K-l,N 
SUMX:SUMX+X(K) 
SUMY=SUMY+Y(K) 
SUMX2~SUMX2+X(K)*X(K) 

SUMXY=SUMXY+X(K) *Y(K) 
XN=FLOAT(N) , 

. ' 

A: (SUMXY- (SUMX*SUffi') /XN) / (SUMX2-SUMX*SUMX/XN) 
B:(SUMX*SUMXY-SUMY*SUMX2)/(SUMX*SUMX-XN*SUMX2) 
SillkO.O 
OOlI-l,N 
v(r) .. (Y (1) - (A*X(I)+B» **2 
SUM-SUM+V(r) 
STDDEV-O. 

/ 

\ 
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IF(N. EQ.2)GOT035 
STDY=SQRT(SUM/FLOAT(N-2» 
STDDEV=STDY*(SQRT(XN/(XN*SUMx2-SUMX**2») 
NSUB:NSUB+ 1 
IF(NSUB.NE.I)GOT055 
FACTOR='.,0367/FREQ 
TAND-(-l.)*FACTOR*A*TMULT(l) 
~DTAND=FACTOR*STDDEV,*TMuLT(l) 
WRITE (6,50) T. TAND, SDTAtro,N. (X(K) ,Y"(K) ,K:"l, N) 
FORMAT(lHO,F7.1,2F8.5,16X,I5,IX,12F7.3) 
D02lJ=1,N -
Y(J)=X(J) 
,X(J)-FLOAT(J-l) 
GOTOI3 
VEr:. (Wl A)'*2. ~TMULT(l) 
SDVEL=STDDEV*VEL**2/(2.*W*TMULT(1» 
WRITE(6~51)VEL.SDVEL 
FORMAT(lH+, 23X, 2F8. 5) 
IF(NCC.NE.NC)GOTOll 

1 n(NRUNC.NE.NRUN)GOT0400 
STOP 
END 

, 
c:; 

t for X as time in l1sec x !. enter the timescale (denoted TIMESC) 
as 2. X may also be Ume in Ilslec x 1/5,· corresponding to TlMESC = 5. 

'. 

/ 

/ 

/ 
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1 ' APPENDIX IV 

,r .. : " \ / / 

N~~ICÀL ,DA TA FOR FREE-R'ADICAL 'PMMA-Ha AND 

PMMA-Ds AT VARIOUS TEST FREQUENCIES (for Figures not shown 'in the text.) 
" 

Vibrating reed graphieal data in support of results cited in T/!-bles 

2 and 3 of the text for free-radically prepared PMMA-Ha an.d PMMA-Da respec.-

tively are given il1 this section ta avoid repetition in the texte ExpeJ?i-

mental curveÔ of E' and tan Ô as a function of temperature are reported 

along with the corresponding numerieal data. Initial and final values of 
, 1 \ /' \ 

resonance frequency are giv~n for each experiment, sa that the constant fac-

tOI' relating fo2 and E' (and ther'efore the fo value for any experimental 

. .point) may be c~lcula ted, if desired. 
\ \ 

\ 
~I 

ri 

o 

1/ . \ 

/ 

~ 
! 
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INDEX VIBRA TING REED GRAPHICÀL AND NUMERICAL DATA. 

POLYMER 
... -.J 

fi 
1 

'PMMA-H8 

(F~~ ~ RADICAL) 

( 

~ . 
1 

, 

/ 

PMMA-Da < 

(FREE-
RADICAL) 
. 

" 

~ 
c 

FIGURE fi 1 APPROXlMATE , 
, 

' T~S T FREQU EfjCY 
(Hz) 

IV-l 230 
- ,IV-2 275 , 

IV-3 275 
IV-4 295 
IV-5 4,95 
IV-6 500 
IV-7 5)65 
IV-8 570 
IV-9 , 7,10 
IV-IO· 715 

1 IV-lI \ 1325 & 1630 
\ 

IV-12 \ . 1750 
IV-13 1770 
IV-14 3000 
IV-lS .3000,-:-
lV-16 3000 
IV-I7 4300 
lV-18 .9100 
IV-19 9250 

IV-20 -370' 
IV-2I . 550 
IV-22 1000 
IV-23 <1 1400 

,.-
IV-24 1730 
IV-25 /4000 

(see alsr Figures 14 and 15 _ of the text.). 

- ., 

.. 
'. 

1 

\ • ">' 

'1 
v' 

-
\ 

• 1 

" 
\ 

" 

PAdV 
~ 

-
IV-2 
IV-3 
IV-4 
IV-S \ 

" 
IV-6 
IV-7 
IV-B. 
IV-9 
IV-IO 
>IV-ll 
'IV-l2 

, 

IV':"13 , 
IV-14 
IV-15 
IV-16 
IV-17 
IV-l8 

, 

" 
~ 

IV-19 
'IV-20 1 
IV-2I 1 , 
IV-22 
IV-23 
IV-24 / 

, 1 
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(IV-2) 

FIGURE IV-1 

. \ 

~MMA-H8: VIBRATING REEp RESULTS AT, -230 HZ. A~ YZ r~laxation is present 
lat -200. SoC and 225.,3 Hz', (fo varied from 225.58 Hz at -20S.7oe to224.14 
Hz at -173. 2°C.) ,\ , 

T {Oe~ E'x10-1O !d:z:nes Icm2~ 
/' 

-205.7 , 8.2741 
• > -?O5.0 ' 8.2727 

-204.2 8.2705 
-203.7 8.2683 
~203.2 8.2646 
-202.1 8.2661 
'-201. 3 8.2587 
-201. 0 8,2609 
-200.1 8.2492 
-198.9 , 8.244\8 
-197.8 8.2441 
-196.6 8.2389 
-195.6 8.2309 
-193.8 \'8.2324 
-192.6 8.2236 
-~92.0 ,.. 8.2287 
-190.7 8.2177 
-190.3 8.2214 
-189.1 '8.2141 
-188.0 ~, 8.2104 
-186.7' 8.2038 
-185.8 8.2053 

. -18~!4 
" 

8.1~O7 '1 -183.7 8.1900 
.. 

-182.5 /', 8.1944 
-181.4 ' 8.1936 
-180.5 8.1965 
-179~2 8.1907 
-177.0 8.1819 
,-175.5 8.1688 
, -174.1 8.1666 
-173.2 " 8.1Qa8 

" 

1 

• \ 

, ; 

y , 

. l' 
1 -t 
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FIGURE IV-2 

/ 
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't 
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! 
1 
" 

PMMA-H l VIBRATING REED RESULTS AT -275 HZ, The Y- relgxation is presént 
at ~16~o and 274 Hz. (fd vaiied from 275.43 Hz ,at -lé3.30C t~271.55 Hz at 
-141. 7°C.) -, ' ' ...' \' l 

T (OC) E'xlO-lO (dvnesbcm2) 
1 G."\ . -183.3 

, -182.3'4 

, ,-176.8 

1 -173.0 . 

; -170.2 
, 

-H~.8.5 

-166.8 

~ 
1164•6 

,< 

- -162.8 

-160.9 

-158.8 

-156.5 

':"154.6 

-150..2 

-146.1 

'- -141.) , 

~ 

J 

-', 

/ 

1-

'-

, 
. 1 
~~.,~l,~ 
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(IV-4) 
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FIGURE IV-J 
( ., 

/ 
PMMA-H 8 ~ VIBRATING REED RESULTS AT - 275 Hz. The ty.. relaxation is . 
present at -f98oC and 277 Hz. (f e varied from 277.6 at -202. 4°C te; 
274.55 Hz ~:,80C.) , '- -', " 

T {OC2 tan cS xl03 

-202.4 
\' 

2.60 ~ 

-200.0 2.63 

-199.8 2.71' 

-197.0 2.67 

-195.3 2.65 
--... , 4 

-193.5 2.60 

-192,.3 / 2.57 

-190.2 2'~ " 

/' 

-189.2 1 ." 2.57 ' , 

-186.7 2.63 

-182.7 2.68 .' . . : 
-179.7 /' 2.79 ] 

-176(7 -2.88 

-173.5 ,-: 3.00 
1 

fil 1( 

-172.0 3.08 

~-170. 5 
... ( 

3.18 ,~ 

j ,.., 
-169.0 3.25 - " j·l ' 

:f1-./ .. 
~, 

-1,61.3 3.41i 
, .. 00 } -

"-165. e ... 3.52. . 
~ 

(î 

]' 
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(IV-5) 

FIGURE IV-4 . -r . • 
-

PMMA-HS : VIBRATING REED RESULTS AT -295 HZ. 111e Y2 relaxation' Is present 
at -196.5 0 C and 295.3 Hz. (fa varied from 295.64 Hz at -200.2°e to 293.27 
Hz at -171.4°C.) 

T Oc T Oc 

-200.2 7.3392 -190.9 \ .. ' 7:3001 
-199.1 7.3338 -189.5 7.2931 
-197.8 7.3308 -188.7 1.2897 
-197.4 7.3293 -186.9 7.?832 . 
-196.1 7~ 3204 -184.1 7.2733 
-195.1 7.3164 -180.2 7.2580 
-194,,7 7.3154 • -177.9' 1.2506 
-193.4 . 7.3080 -176.0 7.2408 
-192 • 6 } 7.3040 -171.4 1.2220 
-191.5 7.3030 

FIGURE IV-5 

PMMA-HB : VIBRATING REED RESULTS AT -495 HZ. The YI relaxation i5 present 
at -167.50 C and 496 Hz. (fo varied from 497.04 Hz at -ln.OoC ta 493.29 Hz 
'at -138. 7°C.) 

T E'x10-10 T - E'xlO-10 T E 'xIO-lO 
~. (OC) (dynes /cm2) (OC) (dynes/ cm~l .l°C~ Jdvne5/cm2 ) 

-171.0 6.~124 -163.3 6.6838 -153. B 6.6577 
-1}6.5 6. 090 ' . -162.5 6.6821 -153.0 6.6556 
-176.1 6.7111 -161. 6 6.6805 -152.0 6.6519 
-174.6 6.7071 -161.1 6. ~791 -151. 0 6.6486 
-173.4 6.7054 -160.4 6.6760 -150.1 6.6460' .' 
-172.6 6.7044 -159.8 6.6746 -149.4 6.6437 
-171.1 6.7027 -159.0 6.6711 -143.6 6.6420 
~169.1 6.6997 -158.6 6.669 ll -{4?8 6.6398 ' 
-168.2 6.6981 -157.8 6.6690 - 46.2 6.63S9 
-167.0' 6.6931 -157.2 16.6669 -145.0 6.6324 
-166.2 6.6917 -156.4 6.6642 -143.8 6.6275 
-165.8 6.i6898 -155.9· 6.6633 -142.2 6.6222 
-164.8 ~.688î .t'15S.2 6.6610 -140.3 6.6156 . -164. a 6.6858 -154.5 6.6592 -138.7 .6. n113 
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(IV-6) 

FIGURE IV-6 

~ ( PMMA-H8 : VIBRATING 'REED RESULTS AT -500 HZ. YI and YZ relaxations are ~ , 
apparent at - -170°C, (497 Hz) and - -190°C (499 Hz) respective1y. (f ° varied. 

!" " 'fram 500.53 Hz at -198.7oC to 488.23 Hz at --97. 7°C.) , 
1 ,\ 
r 

T tanS T tanS 
x103 x103 

" / 

-198.7 6.806B -148.0 6.6818 2.03 -
-195.4 '6.7983 1. 67 -146.4 6.6,758 
-193.0 6.792 8 --145.3 6.6719 2.09 
-190.0 6.7884 1.72 -142.8 6.6626 
-187.0 6.7823 ' -141.7 6.6606 2.20 c· 

-184.4 6.7749 ' 1.65 -139.4 6.6534 
-181.8 6.7708 -138.2 6.64'88 2.26 
-179.1 6.7654 -135.8 6.6389 
-176.6 6.7570 1.60 -135.'2 6.6376 2.36 
-171. 8 6.7472 -132.8 6.6284 

rI -170.0 6.7442 1~7~ -130.6 6.6206 
1 -166.1 ) 6.7331 -129.6 6.6160 2.-58 
1 -164.2 6.7291 1. 73 -126.8 6.6066 
1 -162.4 6.7241 -123.7 6.5945 

, 

1 -160.6 6.7204 .- 1. 78 -122.3 6.5881 ~ 2.95 

1 

-158.4 6.7134 -118.4 6.5722 
-157.2 6.7101 1. 85 -116.4 6.5641 3.24 

(-
,-156.2 6.7064 ,-109.2 ft·5319' 
-154.8 6.7037 -107.2 6.5~62 3.79 

"'1 -153.7 6.6994 1.85 -102.0 6.49911 ' , 
-151. 9 6.6944 -"100.0 6.4905 4.26 .. 
-150.8 6.6904 1. 96 " ;..97.7 6.4766 
-149.1 6.6838 
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(IV-7) 

\ FIGURE iV-7 

/ 

PMMA-H : VIBAATING REED RESULTS AT -565 HZ. The YI relaxation is present 
at ;--~560C (568'Hz). (foUv?ried from 568.8 Hz at -167.loC ta 560.7 Hz at 
-IOS.50 C.) -

-167.1 
-166.2 
-164.6 
-163.8 
-161. 3 
-160.3 
-159.1 
-,157.9 
-155.2 

/ -154.5 
-154.0 
-152.5 
~151. O· 
~-1~9.8 

-148.7 
-147.5 
-146.7 
-145.3 
-144.8 

, -143.01 

-142/3 

À
14 • 3 

9.4 
. -137.7 

, -

- / 

6.778 
'6,776 
6.773 
6.768. 
6.768 
6.766 
6.766 

~6.759 
6.754 
6.740 
6.742 
6.742 
6.738 
6.735 ~j 

6.740 
-;.. 

6.733 - . 
6.728 
6.728 
6.728 
6.728 
6.723 
6.719 
6.714 
6._709 

T (Oc E'x10-io d nes/cm2 

·1 
r--

-1~6.B 6.707 
-135.0 6.704 
-134.3 6.697 
-132.5 6,695 
-131. 9 6.692 
-129.8 6.685 
-129.2 6.685 
-127 • .2 6.676 
-126:6 6.678 \ 

-124.7 6.669 
-124.1 6.664 
-121..2 6.655 
-120.6 6 .. 655 
-118.4' 6.643 
-117.5 6.641 
-115.5 6.631 
-114.7 '-6.626 
-111.4 6:6i7 
-110.8 6.612 
-107.2 6.593 
-106.8 6.-591 
-106.0 6.589 

~-105.? 6~58~ 
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FIGURE IV-8 

< 

PMMA-Hi3 : VIBRATINr.' REED RESUtTS AT -570 HZ. The YI and Y2 relaxations 
are present at - -162.5 0 C (569.5 Hz) anp - -IS8°C (571 Hz) respectively. 
{fo ranged from 571.9 Hz at -197.ao.C to 567.7 ~z at -147.20 é.} , 

T Oc T Oc 

-197.0 6.852 -173.0 6.821 
-194.9 6.847 -171.3 6.816-
:"194~6 6.850 -171.0 6.819 
-193.3 6.850 -170.3 6.814 
-~92.8 6.845 -169.8 6.811 
-191.8 6.847 --r69'.'5 6.814 
-191. 2 6.847 " -168.5 6.814 
-190.1 6.843 \168.2 6.814 
-189.7 6.840 -167.5 6.811 
-188.8 6.845 , -166.8 6.807 
-188.3 6.843 -166.4 6.809 
-187.6 6.838 -165.9 6.807 
-187.0 6.840 -164.8, 6.804 
-186.3 6.838 -164.2 6.804 
-186.0 6.835 -163.4 6.802 
-185.0 , 6.835 -1&2.2 6.792 
-184.6 6.835 -161. 8 6.790 
-183.3 6.835' -;161.1 6'.790 
-182. B 6.835 ... 160.6 6.788 
,-181. 4 6.831 -158.9 6.780 
-181.1 6.833 -153.5 6.776 
-179.8 

1 

6.831- -1?3.1 6.773 .t 
-179.5 6.828 -151. 3 6.766 
-177.8· 6.828 -151. 0 6.766 . 
-171.4 6.831 

1. 
-149.9 6.159 

-176.3 6.826 -149.0 6.761 
-115.8 6. ?26 -148.5 6.759 
-174.7. 6.823 -147.5 6.752 
-174.4 6.8~ -147.2 6.752 
-173.5 6.823 
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(IV-9) 

FlGURE IV-9 

'PMMA-H': VIIfRATING REED RESULTS AT - 710 HZ. The Y relaxation is 
presen~ at - -145°C (710 Hz). (fo varied trom 721.1 ~z at -197.30 C to 
702.8 Hz at -121JOC.) , 

i , 
dl 

T E'xiO- IO , T E'xl0- I Q , -1' E'xIO- lO 
(OC) (dynes/cm2) (OC) '(d'ynes/cm2) , (OC) (dvnes/cm2) 

-197.~ ,~ 7.274 -165.8 1 7.159 -l39,!1 7.0155 
-196.0 7.273 -164.9 7.152 -137.8 7.006 - " -195.2 7.270 -164.7 7.152 -136.3 6.999 
-193.5 . 7.267 -164.1 7.150 -134.8 6.991 
-193.0 . 7.264 -163.0 7.144 -133.4 6.984 
-191. 9 7.262 -162.8 I!(I 7.143 -132.2 1;:978 
-191.5 . 7.258 -162.6 7.143 

1 

-131. 0 6.971 
-190.8 7.256 -161. 7 7.140 -129.6 6.963 
-~89.8 7.252 -161. 5 7.137 -128.4 6. 956 5 
-189.0- 7.252 -160.5 7.133 -126.8 6. 945 5 

~ , 
-188.3 7.250 -160.2 7.13Q -125.5 6. 9385 
-187.9 7.246 -159,.3 7.1,27 -121.5 6.915 
-187.2 7.243 ~1~8.3 7.125 
':"186. î , 

7.243 -158.1 7.121 
-186. 7 .2~05 / -156.8 7,115 
-185.8 7. 2405 -156.7 ~ 7.116 . 

1 -185.4 7. 2375 -155.7 7.111 
-1~4.9 7. 2355 -155.4 -7.107 
-184.4 7. 232 5 -154.6 7.106 
-183.7 7. 2305. -154.3 7.101 " , 
-182.6 7.2265 -153.2 7.097 
-182.0 7.2~55 -153.2 7.097 
-181.2 7. 2235 -151.6 7.091 
-179.8 '7. 2175 -151. 7 7,,091 1 

-176,8 7. 205 5 -150.2 7.084 5 
-174.8 7.197 -150.0 7.0825 .. 
-174.0 7.192 -148.3 7. 0755 

/' 

-172.5 7.189 -146.5 7.0615 1 

-171.0 7.181 -144.9 7.0~35 
-169.8 7.115 -143.5 7.039~ 
-168.5 7.169 -141. 7 7.03°5 . 
-166.9 7.163 -140.3 7.0215 \ 

'" 

\ 

.. )je Jff'e"t' 
'g "; t'al) n i >5 t! a 1 g 2 

\ 
/' 

\ , 

-m ,,;Id .. 



C 

( 

/ 

J 

\ 

\ 
\ 
\ 

1 

, 
1 

1 

) 

~ 

7.28 

7.24 

7.20 

7.16 

... , 
E 
u , 
'" GI 
C 
>.. 

"Cl 

0 .. . 
0 
""' >< w 

7.00 

6.96 

~ 6.92 

/ 

l " 
/ 

-190 --150 

1., 

PMMA-~ 
'f-710Hz 

-130 

1 
\. 

1. 

\, 

1 
\ - t ' \ 

, \, 

' •• _' • _ ,.",., __ ~ ... " ..... __ •• ..L • .I."""'~ ............... "'" d ..... ......Lf ... • ............. è ... ' ................ w'''IIi'' .... _oiIOSilliSrlllll:i:Iii' ... +_' ciliok '1IiI' :1iIi!è~ètaiôolttliil*oiIIII'rtlillltilllllilf')IiIi:!IIlIQiiill$Zili§lIIirllloRRi1I11i1tillie'iIoI'k.' .tilioi "'IIIII'_ttiilil' 1iIII$'IIiIIIW.'lioi.'lIiIfliIiII-~_lIIt .. t."IIiSIili5 ,.,4.,.*.,&. 



,-

, , 

-, 

/ 

FIGURB IV-I0 

PMMA-1!8 : VIBRATING REED RESULTS AT -715 l~Z. The YI relaxation is present ' 
at --151°C (7l,2.5 Hz). (f o ranged from 714.55 Hz at -159.50 C to 709.8 Hz at 
-141.1oC.) 

T Oc 

-159.5 7.1481 
-158.2 7.1431 
-158.5 7.1451 
-157.5 7.1391 
-156.2 7.1331 
-156.5 7.1351 
-154.2 7.1262 
-154.6 7.1272 
-153.3 7.U92 
-152.5- 7.1162 
-152.8 7.1152 
-151. 6 7.1112 
-150.6 7.1032 
-150.9 7.1032 
-149.8 7.0972 
-149.2 7.0932 
-148.3 7.0892 
-148.0 7.0892 
-146.9 1 7.0853 
-145.9 7.0793 
-146.0 7:0793 
-144: 4 7.0713 
-144.5 <.' 7.0703 
-143.5 7.0683 
-142.5 7~O634 
-142.8 7.0624 
-141. 7 7.0574 
-141. 0 7.0514 
-141 .. 1 - 7.0f34 

/ 

, -158,. 6 
-156.3 
-J54.4 
-152.8 
-150.6 
-148.3 
-145.9 
-144.6. 
-142.6 
-141. 0 
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\' 

,/ 
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r
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. 1. 845 
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,FIGURE IV-ll ' 

PMMA-H8= VIBRATING REED RE~ULTS AT -1325 HZ AND -1630 HZ (INSERT). Y2 
relaxations are apparent at --179.50 C (1322 Hz) and --179°C (1633 Hz). 
(In theexperirnent at 1325·'H;.J fo varied frorn 1330.8 Hz al: -201. 6°C ta 
1318.1 Hz at -168.7oC.) 

-1325 HZ 

T Oc 

-207,.6 7.3316 
-208. a 7.3303 
-205.4 7.3199 
-203.'3 7.3131 
-200.1 ,,7.3023 
-197.6 7.2960 
-197.3 7.2920 
-195.0 7.288,0 
-194.5 7,.2861 

.-192.6 7.2795 
-190.8 , . 7.2744 . 
..... 189.5 7.2698 
-187.8 7.2652 
-186.1 7.2595 
-185. 7.2554 

, -183.3 7.2512 
-181.9 7.2470 
-180.3 7.2413 
-178.8 7.2334 

.-177.5 - 7.2293 
-116.2 7.2264 
-174.8 7.2197 
-173.5 7.4 142 
-172.2 7.2087 
-1170• 9 7.2035 
-168.7 7.1928 

11 

' '. 

" 

• 

/ 

-1630 HZ 

-182.2 
-180. Q-
;:;'177 ~3 

'-17.5.8 
~':-173, 8 

<-172.2 
-170. 
ï16 .2 
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1 FIGURE IV-12 

• 
PMMA-HS : VIBRATING REED RESULTS AT -1750 HZ. 'The YI relaxation is present 
at --147 oCo and 1761" Hz. (f o ;varied from 1781.45 Hz at -191.IiOC to 1731. 71 
Hzat-91.6°C.)" ' 

. T E'x10-10, 
(OC) (dynes/cru2) 

-191.6, 6.8168 
-189.4 6.8105 
-188.1 6.8049 

,-187.0 6.8011 
-185.S 6.7968 
-184.6 6. 7930 
-183.6: 1 6.7896 
-182.7 6.7862 
-181. 8 6.7843 " 

-180.6 6.7810 
-179.8 6.7775 
-178.6 6.7738' 

-177'1 , 6. 7696 
-176. 6.7662 
-174.6 6. 7608 

-
-174.0 

6 

6.7576 
-173.2 . 6 ~ 75,65 0 

-172~2 6.7516 , 
-171.1 6. 74T~ 
-170.4 6.7445 
-169.4 6.7416 
-168.9 6. 7395 
-167,.8 6.7368 . 
-167.0 6.7340 
-166.0 6.7306 
-164.9 6. 725.5 • -164.2 6. 724,2 
-162.8 6.7198 
-162.2 6. 7174 
-161.2 6. 7127 
-159. 7' 6. '1079 
-158_.6 6.7017 
-1157 • 6 - 6:7031 
-156-:+ 6.6989 
':"156. ' 6. 6971 
-154.9 6.6,91 

T -' 
(OC) 

0 

-154.2 
-153.4 
-152.4 
-151. 4 
-150.2 

: -149. i 
-148.4 
-147.6;,. , 
-147.2. 
-146.8 
-145.6 
-144.4 
-142.7 
-141. 4 
-139.9 
-1~9.2 
-138.4 
-137.8 

,-136.9 
\,....-l36~·4 

-135.7 
-134.8 
-133.8 
-131.9 
-130.8 
-128.9 
-127.8 
-126.6 
-125.7. 
-124.9 
-123.6 
-122.8 
-121.8 
-120.7 

., -119.7 
-118.1 

1 
1 --

1 . 
" . 

... 

E"x10-1O 

(dynes/cm2l 

6.6891 
6.6864 
6.6819 
6.6792 
6.6748 
6.6701 
6.6679 
6.6653 
6.6613 
6,6578 
6.6535 
6.6483 
6.6419 
6~6'380 ' 
6.6338 
6.6311 
6.6289 
6.6264 
6.6247 
6.6211 
6.61S7 
6.6161 
6.6111 
6.6055 ' 
6.6019 
6.5938 
6.5922 
6.5871 
6.5840 
6.5810 ' \ 
6.5767 ".". 

'6 .. 5728 
6.5711 
6.5666 
6.5621 
6.5569 ,. 

- ) 

T . 
JOC) 

- -123.6 
-122.8 
-121. 8 
-120.7-

-1~f.i 
-11 .1 
-1~6.~ 
-115.4 
-].14.2 
-112.0 . 
-109.9 
-108.1 
-105-.8 
-103.4 
-100.8 -., 

i -97.6 
-93.8 ' 
-91.6 

-

, 

-

( 
. 

/ 

Q 

E'x10- 1O 
,-' 

(dvnes/cm2) " 

6.5767 .' . 
6.5728 
6.5711 

cil" 6.5666 
6.5621 
Q.5569 
6 .• 5517 
6.5468 
6.5419 
6.5315 

16.,5233 
' 6.5154' 

6.5'062 
6.4946 
6 ;4838 
6.4693 
6.4527 
6.4414 
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,~ 
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(IV-13) 

FIGURE IV-~3 

D 

PMMA-H
8 

: VIBRATING REED RESULTS AT -lua HZ. The YZ r,elaxation i8 appar­
ent al:' --175°C (1770 Hz). (fa varied from 1782.2 Hz at -199.8oC ta 1765.4 
Hz at -166. 5 Q.c.) 1 

~ 
T (OC) E~x1o-/0 ~dJ:::ne /cm2 ~ 

i 

/~ 
/ -199.8 6.7908 

.( -198.er 6.7778 
-196.1 6.7748 
-193.8 6.7649 
-191. 7 6.7565 / 

-189.7 6.7497 
-187.9 6.7429 
-185.6 6.7345 
-184.4/ 6.7315 
-182.7 6.7254 
-181. 6- 6.7209 
-180.6 6.7171 

1 _ -179.3 6.7118 
-178.6 6.7103 
-177.9 6.7072 
-177 .2 6.7050 
-176.6 6.7019 
-175.9 6.6997 
-115.4 6.6966 
-174.2 6.6928 
-173.3 6,.6891 
-'b2.5 6.6860 
-171. 8 6.6838 
-170.3 6.6777 
-169.7 6.6762 
-168.8 6.6717 • 1 

, ~168. 1 6.6702 - 1 

-167.1 6.6664 
-166.5 6.6634 
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(IV-14') 

( , t:J' FIGURE IV-14 , ' . 
PMMA-H8 : VIBRATING RE ESULTS AT )- 3 KHZ. The YI relaxation is appar-
ent.at - -11S,oC (3025 Hz). (fo varied from 3051.7 Hz at -163.6°C to 3020.8 
Hz a t -111. 4°c.) , 

T T 
oC Oc 

• 
-163.6 6.4418 -12n. Î 6.3563' 
-161.4 6.4384 -126.1 6.3557 
-158.8 6.4323/ . -125.0 6.3"527 ;;) 

-156.2 6.4280 -124.4 6.3498 
-153.8 6.4245 -123.7 6.3482 
-151. 2 6.4157 -123.2 6.3479 
-148.1 6.4083 -121. 9 '6.3448 
-146.0 6.4032 -121. 4 6.3425 
-144.0 6.3981 -120. B 6.3413 
-141. 6 / 6.3919 -120.2 6.3398 
-140.8 6.3911 -119.4 6.3371 
-140.2/ 6.3900 -118.6 6.3344 
-139.6 6.3878 -117.3 6.3304 
-138.4 6.3849 -116.8 6.3279 . -137.8 6.3830 -116.0 6 .. ~268 

l, -13,7.2 6'.3814 -115.2 6.3227 ,. 
-136.7 6.3811 -114.6 6.3208 
-135. B 6.3783 -114.0 6.3187 
-134.9 / 6.3768 -112.8 6.3159 
-133.3 6.3745 '-112'.0 6.3140 
-132.5 6.3716' -111.4 6.3119 
-131. 9 6.3.696 
-131.2 6.3694 
-130.3 6.3667 
-129.2 6.3621 
-128.6 & 6.3609 
-127.9' 6.3598 
-127.3 6.3577 
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(IV ... 15) 

FIGURE IV-15 

t! 
PMMA-H S ; VIBRATING REED RESULTS 'AT-3 KHZ. The YI relaxatIon is present at 

r --H7oe (3025 Hz). (fovaried from 3040.9 Hz at -n8.0oe to 3014.8 Hz at 
.-103.2oco. ) 

-138.0 
'-136.9 
-135.9 
-134.5 
-133.6 
-132.0 
-131.t 
-130.2 
-129.5 
-128.9 
-128.6 
-12R.2 
-127.2 
-126.5 
-125.7 
-125.0 
-124.4 
-123.6 
-~23.0 
-j!22.6 
-121. 6 
-121. 0 
-120.0 
-119.6 
-119.2 
-118.8 

\ 

E'xl0-10 

d nes/em2 ) 

6.3962 
6.3931 
6.3910 
6.3861 
6.3838 
6.3799 
6.3772 

, 6.3741 
"6.3722 

6.3700 
6.3697 
6.3677 
6.3647 
6. 36~1, 
6.3602 
6.3583 
6.3565' 
6.3539, " 
6.3517 
6.3508 

\ 6.3479 
6.3458 
6.34~6 
6.3404 
6.3;392 
6.3378 

-llPo.4' 
-118:0 
-117.6 
-117.2 
-117.0 
-116.4 
-115.9 
-115.3 
-114.8" 
-114.2 
-:113.8 
-113.3 
-112.8 
-111. 8 
-110.8 
-110.2. 
-109.0' 
-108.3 
-107.8 
-107.2 
-106.6 
-105.8 
-104.9 
-103.8 
-10).2 

. / 

6'.3360· 
6.3354 
6.3338 
6.3317 
6.3309 
6: 3292 
6.3275 
6.3252 
6.3242 
6.3231 
6.3203 
6.3191. 
6.3174 
6.3143 
6.3106 

'6.3082 
6.3048 
6.3029 
6.,3005 
6.2993 
6.2975 
6.2956 
6.2923 
6.2892 
6.2871 
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... FIGURE IV!16· 

, t 
PMMA-Ha : -VIBRATING REED RESULTS AT ..;; 3 KHZ. The Yl relaxation liS preseht 
at --1210C (3036 HZ)\(fo varied from 3061.6 Hz at -155.4 o C ta 3012.4 Hz_ 
at -90.7o C.) , , .. 

T Oc E'x10- l0 d 

.... 155.4 6.4834 
-152 .. 6 6.4763 

L -149.8 6.4676 
-14:;.3 6.4611 
-143.8 ' 6.4502 -4.-
-140'.7 6.4420 
-137.6 6.4310 _ 
-136.4 6.4274 
-134.6 6.4212 
-133.6 6.4178 
-132.2 Il 6.4141 
-131.0 6.4114 
-129.0 6.4054 
-127.8 6.4015 \ " 
:"126.1 6.3958 
-124.7 6.3915 
-121.6 6.3814 
-119.4 6.3737 
-11-5.6 6.3606 
-114.0 ,6.3536 

- -11b.1 6.3423 
-106.0 6.32"75 
-lb4.2 6.3203 
-99.4 6.3069 
-98.2 6.3012 
-97.4 6.2983 
-95:,7 6.2930 
-93.; 6.2868 

1-90• 7 6.2769 
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FIGURE IV:"17 
-' 

PMMA-HB: VIBRAT'lNG REED RESULTS AT-4.3 KHZ. The YI and Y2 relaxations 
,are in evidence at - -12Soc (4319 Hz) and - -ln.SoC (4379 Hz;) respective1y, 
(fo varied from 4393 Hz at -197.2oC to 4286.5 Hz at -110. oC) 

T E'xlO- lO 
T E'xl0-1O T E':xl0-1O 

(OC) (dynes /cm2) (OC) (qynes/cm2 ) (OC) Jdyn~s/cm2), 
''\ 

-197.2 6.880 -166.9 6.816 -136.1 6.715 
-196.2 6,. 8815 ':"165.8 6.814 5 -134.7 6.7085 t194 • 9 6.880 -165.7 6.8145 -133.4 , 6.7025 
-194.0 

\ 
6.877 -164.9, 6.811 -132.2 6.6965 

-193.0 6.877 -164.7 6.808 -131. 0 6.69l
5 -192.4 6.877 -164.6 ~.808 -:-129.8 6.684 

-1,91. 3 6.875 -164.2 , .8095 -128.5 6.673 
-190.2 6.8735 -163.8 6.808 -126.9' 6.6685 
-189.5 6.872 -162.,8 6.808 -125.4 6.6,53" 
-188.8 6.869 -161. 0 6.8035 -124.2 6.641 
-1f\7.5 6.869 -160.3 6.802 -122.7 

1 

6.6285 
-186.4 6. 8675 -159.5 ' 6.8005 -121. 4 ' 6.6195 
-185.6 6. ~6 75 -158.3 1 6.792 5 -119.8 6.613 
-184. fi 6.862 5 -157.8 ,/ 6.7895 -118.3 6.601 
-183.0 6.861 -157.0 6.788 -116.1 6.582 5 
-181. 4 6. 8595 -156. 7 6.786 5 -115.1 ~78 
-180.4 6. 856 5 -155.5 6. 7865 -114.0 6. 735 

79.6 6,8515 -154.6 6.7815 -112.8 6.5765 - 6.7 6. 8485 -153.2 6,771 -111. 7 6.561 ~ 

-174.8 6.842 5 -151. 7 6.774 -1!0.9 6.561 
-173.5 6.839 -149.9 6. 7675 -110.0 - 6. 5505 
-172.5 6.836 -148.3 6. 7585 

/' 
" -

-171.0 6.830 -146.6 , 6.755 
-170.9 6.8315 -144.8 

/ 

6. 7475 
-170.0 6. 8285 -143.5 6.743 " 

-169.7 6.825 -141. 6 6.7365 
-168.6 6'~5 -140.5 6. 7335 

, 

":168.4 6. 5 -139.3 6.7~75 
-167.2 6.8' 75 -137.8 6.724 , 
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FIGURE IV-19 J , 

PMMÂ-H 8 : VIBRATING REED RESULTS AT -9.25 KHZ. the Y2 relaxation i5 
,apparent at--164°C (9243 Hz). (f o varied from 9251 HZ,at -180.4oC to 9227 

Hz at -146.7oC.) 

°T E'xlO-lQ T E'xlO- lO T E' xIO-10 
(OC) (dvnes/cm2 ) (OC) (dvnes 1 crn2 ) J..°C.l (dynes / cm2 ) 

v 

-180.4 5. 8195 -170.8 , 5. 814 5 -161.3 5. 8045 
-180.2 5. 8195 -170.4t 5.816 -159.9 5.803 
-179.2 5. ~19S -169.0 5.813 -159.5 5. 80~5 
-178.7 __ 5.821 -168.8 5.~145 , -153. 5.801 
-177.0 , - 5.821 -167.2 5.813 -152.7 5.797 
-176.5 5.818 -161..0 

1 
5.813 -152.2 5.797 

-175.3 5.818 -165.7 5.812 -150.9 5.794 
-175-.0 5.817 -165.3 5.813 -150.6 5.794 
-174.2 5.817 -i63.3 5.806 -148.3 5. 7905 
-173.8 5.816 -162.8 5. 8045 -148.0 1 5.789 

1-172.6 5.817 -162.7 5. 8045 -147.0 5.789 

. 
-172.1 5.817 -162.3 S.~06 -146.7 5.789 

/ -161. 7 ' 5. 8045 

FIGURE IV-lB 

PMMA-Ha: VIBRATING REED RESULTS AT -9.1 KHZ. The YI relaxation i5 in 
evidence at --116°C (9105 Hz). (fa, varied from 9129 Hzllat -131.0oC to 
9089 Hz at -105.2oC.), 

-131. 0 :>.667 
-130.2 5.663-
-130.0 5.663 
-129.0 5. 6645 
-128.3 5.664-
-126.1, 5.6,595 
-125.4. 5.657 
-123.8 5.656 
-123.1 5.653 
-120.4 ~5. 651 
-119.7 5.647 
-1.1.7.3 5.642 
-116.8 5.640 

, , 

or 

-114.2 
• -113.4 . 

-109.'0 

1
-107.9 
-107.4 
-106.9 
-105.9 
-105.2 

5.632 
5.626 
5.620 
5.620 
5.619 
5.619 
5.620 
5.617,5 
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FIGURE IV-21 

PMMA-D8: . VIBRATING REED RESULTS AT' -55-0 Hz. ,The YI relaxation is present a t - -l~.o°C and 540.5 
Hz. (fq varied from 548.50 Hz at -171. 7°C ta 536.96 Hz at -103.6°C.) 

T E'xl0-10 T E'xl0-10 
-(OC) (dvne~ Icm2 ) 1 (OC) (dvnes Icm2 ) T (OC) tanÔ x103 T '(oC) tan Ô, x103 . 

l 

-171. 7 7.6627 -138.6 7.5317 -169.6 0.968 -135.8 1.7.9_ 
-170.2 7.6591 -136.4 7.5228 -168.9 0.966 -133.8 1.82 
-169.3 7.6549 -134.5 7.5142 -167.2 '0.966 -131. 7 1.92 
-167.8 7.64il -132.4 7 :'5040 l, -165.9 1.01 -129.5 2.01 
-166.4 7.6432 -130.5 7.4952 -163.9 1.03 -127.2 2.14 
-164.3 7.6353 -128.0 7.4835 -162.7 1.04 -125.5 r 2.27 
-163:2 7.6317 -126.2 1.4142 -161.2 1.08 -123.3 2.42 
-161.8 . 7.6253 -124.3 1.4631 -159.8 - -1.10 -121.2 2.62 
-160.2 7.6200 -122.0 7.4524 -158.5 1.12 -119.5 2.74 
-158.7 1.6158 -120.2 1.4408 -156~8 1.15 -111.5 2.80 • 
-157.6 '. 7.6094 'i -118.3 7.4298 -155.3 1.19 -115.7 2.85 
-155.8 7.6022 \, -il6~5 7.4180 - t- -153.1 1.22 -113.5 2.93 
-154.4 7.5977 "....H4.3 7.4070 -152.4 1.26 -111;2 3.04 
-153.0 7.5916 -U2.1 '. 7.3933 -151.2 1.29 -108.5 3.18 
-151.6 7.5863 -109.3 7.3776 -149.2_ 1.33 -106.4 3.34 . 
-149.6 7.5794 -107.1 7.3664 - -147.8' 1.36' -104.4 3.48 
-148.2 7.5741 -105.1 7.3541 -146.0 1.41 -102.8 3.56 
-:-146.4 7.5658 -103.6 7.3437 ~ -144.5 1.46 G 

-145.0 7.5600 -142. ]-- 1.50~ ~ 

-
-143.3/ 7.?530~- ~140.2 1.60 
-140.9' 7.5425 '0- -131.8 1.66 
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FIGURE IV-22 

PMMA-D8 : VIBRATING REED RESULTS AT -1 KHZ. The YI and YZ relaxations are 
eviçlent at - -USoC (1007 Hz) and - -1750 e (1017 Hz) respectiv~. (f o vaJ:'ied 
from 1018.61 Hz at -185.2 oC ta 998.70 Hz at -93.30 C.) 

T E'xl0-10 tanô T E 'x10-1O ta~~ T E'~10-10 tanS 
(OC) (dvnes /cm2) xl03 l.°C~ /' l.<!Ynes / cm2) x10...J (O~) (dvnes1cm2) x1D3 

-185.2 5.3'933 " -147.3 5.3471 -112.3 5.2495 3.48 
-184.4 5.3922 1.42 -146.1 5.3451 -110.9 5.2460 
-183.7 5.3913 -145.7 '5.3450 1. 98 -110. 5.2431 3.63 
-182.5 5'.3903 -145.0 5.3435 -109.P 5.2387 
-181.4 5.3892 -143.8 5. 342~ -107. 5.2349 
-180.3 5.3884 1.41 -143.,1 5.3404 -107. 5.2338 3.83 
-179.7 5.3873 -141. 8 5.3376 -106. 5.2300 
-178.,1 5.3863 - -141. 3 .. 5.3373 2.12 -195,6 5.2269 
-177.7 5.3853 1. 47 -140.3 5.3346 -104.8 5.2241 4.01 
-176.9 5.3845' -139.0 5.3324 -104.0 5.2222 
-175.8 5.3818 -138.2 5.3309 -103.0 5.2196 
-175.1 5.3813 1.44 -137.,8 2.25 -102.0 5.2159 
-173.5 5.3787 -134.9 2.41 -101. ~ ; 5.2138 4.22 
-172.9 5.37F -132.1 2.49 -100.2 5.2095 
':'172.2 5.3772 1.46 -128.8 2.64 -98.7 5.2041 
-169.2 5.3742 -128.2 5.30~6 -97.9 5.2022 4.47 
-168.3 5.3732 1.52 -127.2 5.29 1 -97.1 5~1984 
-166.8 5.3117 -126.3 5.2968 ~95.8 5.1937' 
-164.7 5.3705 -125.6 5.2945 2.81 -94.8 5.1905 
-164.3 5.3695 1.56 -124.4 5.2910 -94,4 5.1890 4.77 
-162.0 5.3684 ." -123.7 5.2891 

~ 

-93.3 5.1845 , 
-161.4 5.3672 1.61 -122.8 5.2871 2.91 ., 
-160.3 5 .. 3649 - -121.9 5.2838 

~ 

-159.2 5.3633 -121.2 5.2819 
-158:6 5.3642 1.66 -120.5 5.2794 
-158.2 5.3626 -119.8 5.2769 3.24 

- ",~ 

-157.7 5.3617 -118.6 , 5.2721 
-156.9 5.3613 -117 ... 8 5.2681 
-155.7 5.3593 -117.0, 5.2660 3.35 
-155.3 5.3586 1. 76 -116.3 5.2636 
-154.2 5.3571 , -115.5 

. 
5.2598 ~ 

-152.7 5.3548 ' -114.6 5.2571 
-152.3 5.3546 1.82 -114.0 S'. 2548 3.43 
-15(').8 5.3523 • -11~.1 5.2527 
-149.7 5.3507 1 / .. 
-149.3 

1 

;1. 89 ., 5.3507 
-148.2 5.3488 
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FIGURE IV-23 

PMMA-D B : VIBRATING REED RESULTS AT -1400 HZ. 'The 'YI 'and Y2 rela~ations 
are apparent at --119°C (1392 Hz) and -1-176°C (1416 Hz) respectively. (f o 
varied from 1421.02 Hz at -19'1.6 0C to 1383.24 Hz at -102.4 0 C.) , 

E' x10-10 

T (OC) ~d~nes/ cmL \ 

\ 
-191. 6 6.1003 
-189.0 6.0927 
-186.0 6.0843 

Il -183.2 6.0780 
-18i.0 6.0723 
-178.6 6.0662 
-176.2 6.0580 

~ -174.7 6.0518 
-172:6 6.0465 
-170.0 6.0380 
-16-8.2 6.0335 
-165.7 6.-0262 

,~ -163.6 6.0192 
-161.2 6.0115 
-158.8 6~0033 
-155.8 5.9941 
-153.4 5.9863 

~ . -150.4 5.9758 
":'147.3 5.9645 
-145~ 0 5.9572 

~ 

-141. 0 5.9432 
-138.5 5.9344 
-136.0' 5.9256 
-133-.2 5.9135 
-130.5 5 .. 9043 
-12-7.5 _ 5.8918 
-124.-7 5.8803 
-121.2 "5.13658 
-118.5 5.8520 

'\" -li6.l 5;8399 
-113.7 5.8302 

~ 

-111. 8 5.8218 
-109.3 5.,8112 
-107.0 5.8006 ' 
-104.2 '5.7884 
-102.4 5.7802'/ 
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FIGURE IV-24 

PMMA-Da VIBRATING REED RESULTS A:T -1730 Hz. The YI relaxation is appar-
ent at - -118. 5°C and 1731 Hz. ' (fo va~ied from 1741.16 Hz at -140.1oC to 
1723.32 Hz at -102. DoC.) 
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T T Oc tanô x 103 , 

, -140.1 6.242i -139.7 2.54 
',-137.9 6.2358 -137.2 2.65 

-136.9 6.2331 -13~. 4 2.70 
-136.0 6.2295 :"'133.5 'l.72 
-134.0 ' 6.2239 -J.31. 5 2.77 
-131-.9 ' 6.2174 -129.5 2.82 
-129.9 6.2:115 -127.5 2.84 
-128.0 6.2 Q61 -125.6 2.88 
-126.0 6.1999 -123.4 3.09 
-124.0' 6.1932 -121. 4 3.26 
-12] . 8 6.1871 -119.4 3.35 
-119.8/ 6.1793 .L116.9 3.40 
-117.4 6.11696 -115.4 3.44 
-115.9 6.1631 ... -113.1 3.44 
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-111. 3 6.1487 -lb9.2 3.70 
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FIGURE IV-25 
" 

PMMA-~8 : VIBRATING REED RESULTS AT -4000 HZ. The YI and Y2 rela}ta tions 
are in evidence at - -106°C (3934 Hz) and - -175°C (4015 Hz) respec~ive1y. 
(fo varied from 4034.8 Hz at -197.7oC to 3923.8 Hz ~t -99;30 C.) 
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-197.7 6.2693 -187.3 1.61 
-195.8 6.2624 \ -181. 9 1. 54 
-192.8 6.2547 -179.6 1. 62 

/' -190.6 6.2491 -177.0 1. 66 
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-188.0 6.2444 -175.3 1. 61 
-;185.0 6.2351 -173.2 1.51 
-182.4 6.2283 -171.1 1.49 

1 -180.3 . 6.2231 -168.9 1. 44 
-177 .6 ~6.2163 -166.9 1.51 
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APPENDIX V 
'1 

,ULTRASONIC GRAPHICAL_AND NUMERICAL DATA FOR FREE-RADICAL PMMA-H
8 

COVERING 
~ , 

THE 1.3 TO 20.0 MHZ FREqUENCY RANGE (f~r Figures not shown in the text.) 

r 

Ultrasonie graphieal datl! in support of resurts cHed in ~able 6 of 

thé text for free-radically prepared PMMA-~8 are given in t~ se~tion to 
... 

avoid repetition in the text. TanS and, in sorne cases, speed of sound and 

deeibel level for a single echo have been plotted as a function of temper-
~ 

ature, ~ith detailed ~umerical data (consisting, in most cases, of the 
lit , -

computer print-out obtained from the ultrasonic computer program 'given in 

Appendix III) also reporte~. 
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\,lLTRASONIC GRAPHICAL AND NUMERlCAL DAT~ FOR FREE-RADICAL PMMA.He 

FIGURE NUMBER FREQUENCY (MHZ) 

V-l 1.3 

V-2 3.4 
.C!!r. 

V-3- p.O ± 0.'1 

/' 

V-4 13.6 

V-5 18.5 
.. 
V-6 20.0 

} 
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(see a 18 a F 19ure 17 of the te~t.)' 
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, FIGURE V-l 

" 

ULTRASONIC RESUL~S FOR P~-H8 AT 1.3 MHZ. The 'Yl 5nd water dispersions are in evidence at 
- -3Soc and ..... + 6 C respectively. 

,-........... 

TE"P 
(C l' 

~A'" 0 S TO O::V V:::L STO OEY 

CVCL la 
Il (.Z'TI DAI (.2)T2 082 

(USEe) 
(.2, T3 CEJ 

( ViFCI 
(.2)T4 Df:l4 
(USFCI 

5.&<;0 22.3 
S.C)EI 2<'.5 
5./;,,'" 23.0. 
5.<:"7 ;:3.<) 

'5.64C '::4.':' 

5.~2'l 2'>.2 
5.6 1 c; 2">. t3 

5.E-CC 2é.b 
S. ~e2 ~7.4 
5.S">!! 28.0 

(.2) TE 085 

(US~C ) 
(.2)T6 oa't: 

" 

C TA~ DI ""'lUS) 
~.'8 0.0\633 0.000\4 0 .ze 34" O. COOC;l 
23.1 0.01813 0.00/)17 0.21"428 O.OOOq<) 

21.2~OI7<;q ".0'0013 C.2~47B O.?OO<;;tI 
16.6 ~017?0 0.00015 1').21''533 O.ql"'llt, 
1~.6 0.01702 0.000\\ 0.ZeO?4 O.COO~J 
16.7 0.01~78 0.00012 J.?t<~79 C.0~1)79 

12.6 0.0162~ 0.0000') 0.21'-710 0.C0070 
10.0 0.01~11 O.OO?OA 0.Ze11B 0.000~8 
7.~ 0.01534 0.00011 0.Zb6~9 0.~OO~8 
5.4 0.01469 0.00010 O;2~9AO O.OCOl7. 
3.2 0.014~6 0.00'140 0.27001 0.00056 
1.4 0.01406 0.00012 O.270~3 0.0.0.062 

-0.6 0.01389 O.OOOIC 0.27130 C.OOOf2 
-2.8 0.013~4 O.OO~07 O.2TIOO 0.I)Ci')4R 
-5.0 0.01322 0.000C7 0.27243 0.00052 
-7.1 0.01254 0.00023 0.272~7 0.00Q70 
-8.8 0.D12Â6 0.000.15 O.2730A 0..0001'-8 

-la.' 0.01227 0.00012 C.273~1 O.C00~7 

-12.3 0.01211 O.OQ~I~ 0.27J~7 0.00066 
-14.4 0.01200'0.ODO'S 0.274~2 C.O('lO~A 

-16.0 0.01179 0.00007 J.2749~ o.OOO~O 
-18.2 0.01142 0.00012 ~.27~8~ C.OC04d 

0.01117 D.OOClO 0.21~70 O.OOOf2 
0.OO~12 ~.21~1~ 0.OOOd8 
0.00017 0.27'9') C.OOÇb3 
0.00C14 0.27739 C.0~O~6 
0.00104 0.277S5 C.OC044 
O.OOOIQ 0.27A28 0.OC048 
0.00011 0.21Y29 0.00029 
0.0002~ 0.2794 C O.OOQA] 
0.00020 0.2807~ O.00Q~3 

1'.0(\939 0.00022 O,.ZA"U 0.00027 
0.00913 ~.00021 0.~AI22 ~.CC04~ 

-_4~.~ 0.00Q72 0.00022 0.28100 0.00049 
-47.11'> O.OOIl~~ 0.<)0..c22 :).28169 0.000400 
-4Cl.7 0.00.8">6 0.00021- O.2f'20" 0.O~049 
-51.6 0.00849 0.00022 0.28289 0.00060 
-~3.6 0.OOAI9 O.OOO?O 0.~82q~ C.OOOAa 
-5~.4 O.OOQIO OJ)~Olq O.~8326 0.OC071 
~.~.6 0.00796 ~.00022 <).2~401 0.00033 
-~Cl.Q 0.0079) 0.00025 0.28630 0.OO~55 
-61.0 O.00~17 O.OQC?9 0.2b565 0.00072 
-6~.2 0.00793 O.0002~ 0.285J6 C.00041 
-~7.A O.0019~ O.OOC34' 0.28594 •• 00059 

PTS W<;ECI 
~ 0.000 40.5 
~- 0.00:) · ... 0.7 

6 0.000 AO.S 
6 0.00041.e 
6 0.000 41.5 
6 0.000 ~1.7 
6 0.00.0 ~1.9 
6 C.OOO 42.2 
6 0.000 42.4 
6 O.'JOO 42.5 
6 
6 

6 

6 
6 
6 
6 .. 

6 

6 
6 
6 

6 

6 
6 
6 
é 

6 

6 
6 
6 
6 

6 
6 
6 
6 
6 
6 

6 
6 
6 
6 

b 

6 
6 

0.000 42.6 
0.000 4l. fi 
0.000 ":3'.2 
0.000 4 J. 4 

0.000 43.f> 
0..000 63.3 
O. 000 43.8 
0.000 4~.0 

0.000 44.2 
0.000 44.4 
0.000 44.6 
q.DOO 44." 
0.000 44.6 
0.000 "".1 
0.000 44.9 
0.0.00 11,".9 
0.0004S.1 
0.000 45.3 
0.000 45.5 
0.000 4"i.1 
0.000 A 5.8 
0.000 loS.') 
0.000 "'5.A 
0.000 4~.1S 
O.O'JO 11,5./\ 
0.000 45.7 
C.OOO 4'3.6 
0.000 4S.3 
0.000 4S.!' 
C.too AS.4 
'0.000 65.'" 
0.000 45.5 
0.000 4!5.~ 

"'0 :00 1} 415.5 

l.8'lb 34.8 
1.89" 34.9 
1 .895 J!'. C 
1.'102 3'0.(, 
l.8U4 36.0 
1.879 36.4 
1.675 36.7 
1.d"9 37.2 
1.85737.é 
1.650 37.9 
1.1:138 36.3 
1.341 .Jd.6 
1.63'~ 3').0 
l.tl3b 39.2 
l.a.?7 
l.tiAI 
1.1:131 
1.tJ30 

1 • 82 ~ 
" 1. tll 1 

1.814 40.il 
1.1127 4C.8 /' 
1.820 40.9 
1.81b 41.1 
1.81341.2 
1.C'11 41.4 

1.81141.!' 
1.70El 41.1 
1.77541.9 
1.7t141.<; 
1.7~1'42.2 
1.7b4 42.3 
1.752 42.4 

01.759 42.3 
1.74662.5 
1 .'760 ~2.5 
1.739 42.4 

1 ;757 42.3 
1.7old 42.4 
1 .7~1 4~.3 

1.743 42.2 
1.i;:!j 42.2 
1.732 42.2 
1.727 42.0" 

J.81a 2B.3 
~.7C;" 28."'1 
~.eC3 28.tl 
:!.DCO 29 • .:!' 

:!.773 29.Q 
~.7r:7 30.1 
~.741 31.0 
3.726 ,H.7 
:?717 32.2 
3.7CS 32.7 
J.~B7 33 'IlF 

__ k';E'A °33.~ 
~~74 '34.3 
3.(,1<3 34." 
:!.6~1<, 35.0 
~ .. f. 7q 35 .. " 
~.t 74 35.~ 

J.f,"'''''~36.0 
3.H236.1 
3.~37 36.1 
~.{: ~g 36.8 
3.e-SO 37.1 
3.643 37.!I 
3.(27 37.' 
~.1;27 31.<1 
:!.e 15 3d.~ 

~.":'ll 41.5 

3.1;00 38.S 
3.c;e7 3B.8 
3.~7t, 38.'1 
~.e~~ 39.1 
.=!.~.c.;> 39.3 

:!.~43 39.4 
3.557 J9.<; 
:!.S37 3Q.ft 
~.!:3J 39.'5 
~.530 J9~1) 

3."'33 39.'; 
~.,!,47 3«:!.9 
-~.~14 .j9.t! 
3.P.{IA 3?8 
~.~çq 39.5' 

.3.4C;Q 39.6 
'hsoè.o 39.6 

-; 

~ 

5. =~~ 
5.~.:!7 

5.':';!'> 

'5.! C7 
5.~C;1 

2e1.7 
2'i.3 
2Q.9 

JO.3 
30.9 

5.1:<;9 :lI. 1 
5 ... ~,= 3~.1 

5.47>! 32." 
S,,4t1 32.tl 
!5.~47 3J.-o 
5.442 ~3.j 

5.4.1 3.3.7 

5.430 ,3'+.0 
-;.410: J ... " 
5.~" 3" .. , 
'S.JÇ2 .3~.1 

5.3C;C 3St= 

:5.37.2 3S.t< 
5 • .JA;l 31',.0 
5.342 3~.2 

5.329 3~.4 

5.317 36.7 

s. :no 30.Cl 

5.31<1 37.3 
5. ::<;;8 31.4 
5.2<;4 037.4 

'5 • ~ 7 d c 3'7. " 
5.;;!3 J' J7.1'> 
s.~ec 37.é 
5.2f2 :J7.7 
5.2f-6 37.7 
5.220;; Jl.~ 

5.23.:1 .37.7 
5.22ti :n'.7 

7.596 ..,. J 
7.575 1">.7 
7.")00 17.") 
7.55= ItJ.3 

7.='22 18.'1 
1.4'1<;1 Iq.~ 

_1.476 20.4 
7.453 21.4 

7.422 2,.2 
7.41123.0, 
7.lBo;I 23.8 
7.371l. 24.~ 
7.J52 2.S.2 

7.338 2';.8 

7.323 2$~S 
7.326 27.": 
7.314 27.<; 

GO 7.JOC 2<s.3 

7.290 .?0.7 
7.2.<;7 29.1 
7.25e 2'1.4 
7._253 29. ') 
1.2~1 30.1l. 

7.2.25 JO.<;; 
7.2.07 31.~ 

7.197 31.9 
7.184 32.3 
7.1tC 32.7 
70131 32.<;-
70119 33.2 
7.102 33.4 
7.091 33.tI 
7.0t30 34., 
7.0A6 34.<; 

'7.0!><:I 34.") 
7.05e ~4.7 
7.040 34.8 
7.')46 J-+.9 
7:;032 3'5.:1 
1',014 35.3 
7.007 l!:>.4 
6.974 35.0 
6.975 35.3 
~·.966 35.3 

9.417 10.C 
9.3rl5 IC.:: 
9.37,3 ~I.:: 

9.3-52 12.'!' 
9.J20 13.':' 
9.J'JS 14.2 
"9 • 29 4. l~.L 
~.266 16.4 
9.241 17.~ 

9.210 18.3 
901c\9 19.0 
9.170 20.1' 
9.1~0 2C.E 
9.11~ 21.f 
9011122.3' 
90109 23.C 
9.09!:: 2.J.f. 
~081 ~4·.2 

9 • .>'>7 24.e 
9.038 25.1 
9.031 25.7 
,9. 046 2~. C 

9.011l. 2é.<: 
9.000 27.1 
8.?13 21.(: 
a.9S0 28.;> 
a;9:>0 28.<: 
6.929 2C;.3 
t! • 8 <) 3 2. C;. te. 
8.dGO 30.1 

~
839 JO.4 

.it4= 30.9 

.~! 31.~ 

d.83731.fI! 
8.tU6 ~1.7 
8.802 31.0;; 
8.772 32.1 .. 
6.777 J2.3 
8.770 l2.e 
a.t47 3<!.7 
8.133 32.1 
8.679 32.6 
13.704 32.7 
8.683 32.7 
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FIGURE V-2 

&-

U~TRASONIC RESULTS F~R PMMA-HS AT 3.4 MHZ. The Y1 relaxat-ion 1s present ~t:-- -20°C •. 
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\ , 
; 

... 

TEMP 
- (Cl 

\ 

TAN 0 STO OEV VEL STO OEY 
(TAN Cl (CM/USl (VeLl 

-81.4 0.01144 0.00020 Q.28896 O.COa80 

-78.0 0.01142 ~.00020 0.28850 ~.cooao 

-72.7 0.01165 0.00025 0.28782 0.00068 

-67.7 0.01187 0.00022 0.28630 0.00053 

-60.7 0.01229 0.00030 0.28598 0.0008~ 

-~7.0 0.01250 O.OOOJ~ 0.28556 0.00054 
~ 

-51.7 0.01297 0.00040 0.28468 0.00074 

-46.7 0.01J28 0.00040 0.28392 0.00063 

-43.0 0.01349 0.00048 0.~9 0.C0070_ 

-37.2 0.01397 0.00050 ~.28268 0.00092 

-32.0 0.01465 0.00057 0.28214 0.co~e3 

-27.0 0.01525 0.00061 0.28184 0.C0116 

-21.5 0.01576 0.00057 0.28079 0.00088 

-16.2 0.01590 0.00041 0.27922 0.00114 

-11.0 0.01613 0.00033 0.27811 O.OCOSI 

-6.0 0.01656 0.00029 0.27780 0.cooe3 

-2.7 0.01708 0.00031 Ô.27594 0.00052 

4.6 0.01775 0.00029 0.27433 0.00055 

-= 

r 

• (.SlT' OBI 
PTS (USEe) 

5 

5 

15 

5 

5 

5 

5 

5 

5 

5 

5 

• 
0.100 49.6 

0.1'00 49."8 
.." 

0.100 50.2 

_0 .. 100 50.5 

0.100 50.a 

0.100 50_09 

0.100 51.3 

--:_"­
O. 10 O---sT • 5 

0.10'0 51.,6 

0.100 52.0 

0.1010 52.1 

5- "0 .. 1-00 52.2 

5 0 .. 100 52.3 

5 0.100 152.2 

5 0.100 52.2 

5 0.100' 52.0 

5 0.100 51~8 

!S 0.10'0 51.6 

(.5)T2 062 
(USEC) 

2.433'45.0' 

2.4.34 45.3 

2.445 45.6 

2.456 45.8 

Z.4S2 46.1 

2.450 46.4 

2.472 46.5 

2.477 46.7 , 

2.481 46.9 

2.502 46.9 

2.486 47.0 

2.508 46.e 

2.504 46.6 

2.1540 415.9 

2.515 45.6 

2.527 4S.1 

2.54'0 44.8 

2.564 44.2 

(.5IT3 oe3 
nsec) 

".759 39.9 

4.767 40.1 

".775 40.5 

4.7~6 40.5 

4.eco 40.B 

"4.e03 40.9 

4.834 40.9 

/ -t; 
4.841,40.8 

... 8\!l0 41.d 
4.874 "1.0. 

".878 40.7 

... 9C5 4'0.4 

4.9C8 J9.9 

".9!Sl 39.1 

".9!1 38.7 

... 9!S0 38.0 

4.913 37.3 

!.OCO 36.3 

(.5)14 OB4 
(USECJ 

7.064 34.6 

7.C74 -34.9 

7.0E6 34.9 

7.122 ::4.9 

7.142 34.1 

7.L!7 ~4.6 

7.157 , 3 •• 3 
"';f' 

,7.173 34.2 

7.1!!4 _34.2 

7.21". ~J.7 

7.228 23.1 

7. :;:41 32.6 

7.2!58 31.9 

7.ZCQ 31.2'" 

7.316 30.8 

7.345 29.9 
- '\ 
7.374 29.0 

7.414 27.7 

(.S)T5 OB5 
(USEC 1 

9.343 30.3 

9.35~ 30.5 

9 t 384 JO.!!: 

9.433 30.3 

9.434 29.9 

9.453 29.7 

9.490 29.2 

9.516 28.8 

9.526 28.5 

9.557 28.0 

\ 
9.567 26.9 

9.5B4 25.6 

9.'61 e 24." 

9.682 24.3 

9.70 .. 23.7 

9 .. 714 2Z.7 

9.787 21.4 

<;;.850 19.8 
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ULTRASONIC RESULTS FOR P~-H8 AT 13.0 (±O.l) MHz: A Y2 relaxation is possibly present at 

---56°C. with a peak thoug~t due ta bonding agent (3-chlaropropyl benzene) appearing at---850 C. 
(Tan Ô has been calculated'from the fir.st t:wo peaks only, for consistency.) " 

'" 

TIEYP TAN 0 S TD l'EV (1"t L 5 TI) CEl! 
(CI CTA'" CI (CM/US) IVE-LI 
23.5 0.01 BISa O.QOOCO O.2!'éé!' o.o-:coo 
19.5 0.01412 o.ooo~v 0.2~814 C.cocoo 

14.0 0.01345 o.bocoo O.2~272 o.COtaO 
t;.5 0.01254 o.occèc 0.26118 O.COCCO 
2.5 0.01406 0.00074 0.26041 0.003C9 

-a.5 O.olzeq O.oooee 0.2~350 O.COZZé 
-C,.O 0.01202 0.0'J055 0.2f429 0.COle2 

-11.5 0.01134 O.OOO~q O.26h28 O.OClJ4 
-15.0 0.01077 O.O(,O~1 ?2f;7Q7 0.DC117 
-20.5 0.01044 0.OC027 0~2e9~0 0.occ4B 
-25.0 0.C0952 0.00028 n.2~909 o.o~coo 

-31.0 0.008~5 O.OOOlô 0.2~tlI2 C.OOI~~ 
36.5 0.00812 0.00"09 0.27231 0.eC030 

-40.5 O. 00759 0 .0"OC5 0~30to O. (1)034 
-4.,5 ~.00712 O.O~OO. 0.2~3S7 ~.CCOI7 
-48.5 0.0"678 -0.OV004 0.27.41 0.0::039 

-52.5 Q.OO~38 0.00003 ~7424 V.OCÙ~1 
-~7.0 0.OOS98 0.OO~03 O.27t12 0.CC020 
-63.5 0.00540 o.oooo~ 0.27~b. 0.00017 
-68.5 0.00507 0.00005 0.2772A 0.OP033 
-74.5 0.004~2 0.00006 0.27~~6 0.C0017 

-80.0 0.004~J 0.00007 0.27889 O.COOzO 
-86.0 0.00430 0.00004 0.27q?~ 0.00029 
-~~.5 0.00391 0.00005 0.28013 0.00019 
-q~.5 O.OO~51 0.00005 0.28003 0.OO?21 
-°8.5 0.00329 O.OOOC~ O.ZRIOI 0.0~?18 

-104.0 O.OOZqO 0.00004 o.zels~ 0.00010 
-\10.~ 0.00246 0.0~006 0.~8119 0.00047 
-118.0 0.00222 o.oooaa 0.28190 O.0003~ 
-IZ4.0 0.00202 O.~CO~~ 0.2R~~0 0~00013 

-127.5 C,~OlQ7 O.OOOQ~ 0.78289 0.00027 
-133.0 0.OOla4 O.OOO~~ 0.28389 0.00046 
-137·1lo'.C·00178 O.Ooo:le 0.28471 0.00027 
-\41.5 0.00169 0.00005 0.28452 0.00033 
-146.5 0.00165 o.OOOOQ O.2~~Q9 O.OO~26· 

-15t.5 0.00160 0.00009 O.l8~Z7 0.0002R 
-157.0 0.00156 O.O~Oq 0.28~45 0.00000 
-163.0 (h00143 0.000':6 0.2876"> 0.0'0;:';>6 

,-167.5 0.00136 0.~00C7 0.2B031 0.000\6 
-177.5 0.00145 O.JOOOO 0.26599 0.0~CZ7 

-------_.-::.._----------- ----._-
/-

II C.5 Tl Of.) 1 
PTS (U~ECI 

2 0.100 40.1. 
2 0.100 "0.6 
2 C.I00 42.C 

2 C.1DO 43.4 
3 C.I00 44.4 
3 0.100 45.5 
3 0.100 4'5.", 

3 0.100 4 .... 9 
3 0.100 A7.7 
4 0.100 43.5 
4 C.l00 49.1 
" C.100 50 ... 
5 ColOO !H.7 
!; C.100 52.3 
5 C.IOO 53.4 
0; C.IOO 5~.0 

5 C. 100 54.7 
5 0.100 55.4 
5 0.100 51'>.2 
!S C.I00 5';.8 
5 00100 57.:;. 

5 C0100 58.3 

5 C.I00 58.8 
5 0.100 59.4-
b 0.100 59.9 
5 0.100 60.5 

50.10061.0 
5 0.100 E-2.4 
5 0.100 63.4 
5 0.100 63.5 

5 00100,63.6 
5 O.tOO 64.0 
5 ·C.I00 64.5 
5 0.100 64.5 
5 0.100 64.9 
5 C.l00 b!'r.1l" 
5 0.100 65.4 
5 0.100 64.a 
5 0.100 '64.5 
3 0.100 66.1 

O.!' T2 C62 
W!<€C) 

l.tl.JO 17.2 
1.02;) 23.4 
1.190 Z~.<j 

l.tiOn 28.3 
1 .770 2<;; • .3 
1.fjlO 31.7 
1.760."!2.e 
1.780 34.l: 
1.770 3!l.2 
1 .7~0 37.4 
1 .7!:..o ~9.C 

1.730 41.1 

1.7J5 "3.C 
1.7c!O 44.C 
1.720 .~.5 
1 •• 20 46.5 
1 .. 710 47.4 
1.710 48.5 
1.710 50.2 
l .~69!:> ~1 .4 
1.ü90 ~2.3 
1.690 !:3.3 

l.baO ~3.Q 
l.étoO 54.9 
1.1'>75 51:>.0 
1.675 !:6.9 
1.(,tlO 57.7 

1.6~0 59.4 
1.665 60.0 
1.b<!oO EI.O 
J .bt:O fl.5 

&.64561.7 
1.655 ~2.2 
1.650 éZ.4 
1.645 62.8 

1.640 fZ.~ 

1.650 fJ.J 
1.0:>35 63.0 
1.,,306Z.7 
l.b5564.5 

c.~ T3 CfJ 
(LSEC) 

.. 
:?5l0 10 •• 
:!.A 7C 14.7 
.:!.4(:Q 17.0 

~.410 20.3 

:!.415 22.4 
:!.40!> Z5.0 
~.4CC 27.q 
~.3eo 3C.a 
3.37C .33.<1 
~.3"0 3'5.0 
3 • .3!>0 37.0 
~.3~O .38.5 
.:! • .350' 39.ft 

~.320 41.6 
3.310 4..1.8 
.:!.~C5 45.3 
.:!.Z"!iiO 46.4-
:! .21!_0 47.7 
3.2t!O 48.9 
:!.270 50.3 
:!.260 51.~ 
~.25S 52.9 
~.2~5 ~4.2 

:!.245 56.5 
~.240 56.0 
~.235 58.6 
3.240 59.0 

.:!.220 59.4 
3.215 60.0 
J.210 1>0.4 
:!.200 60.7 
3.2CO 60.Q 

.!.2CO 61.S 
~.100 61.4 
:!.1t:561.1 
J.Z05 62',9 

\ 

O.!" T4, DEl .. 
(U~EC ) 

S.Cl;O 1..2.0 
5.C::0 15.7 
~.C7C .20,,0 

~.CCC 2,3.0 
4.QeC 2~.2 

4 .<;:70 2~. a 
4."eO ;:O.~ 

4.Ç60 2.:!.6 

4.S.:!O ';4.(1 
4.<;20 ::7.tI 
4."Ç; 1 0 ~q.:5 

, 4.P'f!: 41.1 
~.f'eC 4..2.0 

4.€70 44. t 
4.1::0 Lo.C 
4.e45 47 • ." 
4.e~5 49 • .3 

4.t-20 !:1.3 
4.e.'!O !:3.8 
4.€15 !;5.6 
4.t'CO ~6. = 
4.e05 57.0... 

4.71:5 !:7.5 
4.710 !'1:!.3 
... 715 ~~. 7 

4.750 59.0 
4.750 ~t).~ 

•• 7!:O ~<).I'! 

4.730 e9.8 
4.710 5~.7 

0.5 iS J05 
(USEe) 

(;.620 14.4 
6.bOO 17. ~ 
éo.:3~C 20.u 
6.57C 23.1 
6.57e 2'5.5 
6.5 J,a 21:1. 7. 

6.520 11.7 
...--6.:'00 .:.I ... Q 

t:.47!: 3':;.~ 

f.465 J:I.C 
(; .455 39. t'> 
6.44 a 4l. (J 

6.~20 44.J 
e.420 ~5.<; 

6,"104B.0 

6.410 SloJ 
6.400 SJ.é 
6.3dO 5".'5 
6 • .$ 7:: 55. 1 

6.350 S'i.e; 
6.34C 51>.0 
6 • .340 57.0 
0.':>10 57.7 
6.300 '>8. a 
6.JOO SI!.t 
6.270 51:1.(;) 
6.,60 56.0 

T A~I 0 

[

eAL(;. J FROM ""'0 frs_ 
CfoIl.Y 

0.Ol176 
--.Q.... a l '3!!1 

O.OI.OS 
0.00981 

0.00 '72-
O.('~ sSo 
0.00 8(,04-
0.00 40S' 
C. 00 7S1 
0.00 12.1 
0.00 ua 
0.00 60S' 
0.00 6ft> 
o.OO'OS 
o. co 514 
0.0047S 
o.OO%l. 
o.0~4H 

0.00 .. 38 
0.00402 
O.OOlSc> 
c. 00 ''-l 
0.'.'02.'5' 
-o. 001.71 
0.00'1111-
O. 001.~. 
0.0-> toe 
0.00 '-10 
0.00 lô9 
0.00191 
0.001'2 
0.00 1'2 

0.00 l" 
0.00 '" 
0.00 lU 
O.OOI.S 
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FIGURE V-4 
~ 1 

ULTRASONIC RESULTS FOR PMMA-H8 AT 13~ MHZ. A .YI peak 15 present' at 

----loc -and' the water 'dispersion ls apparent at-+.34oC as a local min­
imum in the db levei of the second echo. (Tan cS has been calcu1ated from 
t~o peaks throughout.~ 

'. , 

-54.8 0.00115 

-50., 0.00139 

-46.00.00T14 

-36.8 0.00854 

-29 Lg...o.oo",49 .-
-25.1 0.01018 

-21.0 0.01076 

-17.3 0.01143 

-10.7 0.01 '178 

C.S.TI OBI 
(USEe, 

~1100 ,5,'.6, 

0.100 51.5 

0.100 50~8 

0.100 50:2 

0.100 48.8 

C.l00 41.7 

0.100 45.8 

0.100'44.5 

C.100 43.0 

0.100 4108 

-8.0 o~0131l 0.100 39.1 

-~.2 0.01404 0.100 3801 

':3.0 0.01443. -0.100 31.5 
'\ 

-1.0 ci.01471 0.100 36.9 

, 1.7 0.01508 0'.100 36.2 

5.0 0.01577 0.100 35.0 

0.0160. 0.100 34.6 

10.0 0.0170"\ 0.100 33.4 

13.0 0.01713 '0.100 32.8 

lS.0 0.01791 0.100 J2. 4 

18.0 0.01796 0.100 31.9 

l ' 20.710.01887 0.100 Jl.1 

24.1 0.019&9 0.100 JO.o 

C.5)T2082 
(USEe) 

1.160 "2.8 

1.762 "2.4 

1.173 "1.2 

1.778 40.2 

1.775 38.2 

1.781 36.4, 

1.192 34.9 

1.797 33.0 

1.19,3 .l1.O /' 

1.800 28.6 

1.808 26.6 

1.800 24.2 

1.813 22.2 

1.IUO 20.J 

1.820 19.' 

1.825 18.1 

1.818 17.0 

1.837 .4.1 

1.833 1'4.0 

1.826 12.9 

1.821 11.7 

rl.865 8~" 

1.813 5.0 

/' 

, 

TEMP 
(C) 

32.9 

35.5 

37.3 

39.8 

43.5 

49.4 

DBI 

24.8 

23.8 

22.7 

22.2\ \ 

20.0 

15.4 

13.8 

12.2 

t 

'o· 

'1>, 
{ 

1~o 0.100 28.6 
1 

1.410 2.6 

' .. .29.3 0.02149· 0.100 26.9 1.770 0.3 
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ULTRASONIC RESULTS FOR PMMA-BS AT 18.5 MHZ. A tanô peak (labeled Y3) may be present ai -- -92.5°0 and 
a hint of the wa,ter relaxation 15 evident at,- +42 QC from the db versus tempe17ature data. 

f' 
1 
j 
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~l 
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~ 
fv" 
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1 - ~t 

l~ 1 
1;, 1 
~,~, , 
f :1 
~ ; 

t 
f
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"1 .... "'" ~ il. , 

'\ 

1 

T'!fOIl2 
CC) 

TAN 0 STO o~v ~EL ST~ DEV 
CT4-N 0) CCt..I/vS) (VEL) 

-118.0 0.00260 0.00004 0.29614 0.00059 

-115.0 .O.00Z67 0.Op003 0.29636,0.000')6 

-112.0 0.00275 o.ooces 0.29592 0.0005b 

-108.9 0.00288 o.oooo~ 0.29561 0.00040 

-105.5 0.00303 0.00005 O.29~19 O.CCCS2 

-.Jl.7 a.003Z. 0.00005 0.294~9 0.00066 

-9&.1 0.00344 0.00002 0.2938~ 0.00043 

--94.2 O.OOlTO 0.00004 0.29326 o.~OO~J 

-90.4 0.00396 0.000~4 0.~9J21 0.00045 

-86.9 0.00415 o.onoo~ 0.29218 o.oco~~ 

-83.9 0.0043~ O •• O-oO:J~ 0.29168 O.OOJ('b 

-80.8 0.00455 0.00006 0.29163 0.00034 

-17.6 0.0050S 0.00008 0.20L24 0!00051 

-74.à 0.0053i 0.00010 0.29~35 0.0000,&, 

-71.6 0.00561 0.00011 0.28931 o.OOOS~ 

-68.4 0.00591 0.00010 0.28711 0.00010 
'" 

<:> 

['. ~ 

L<! o. 
.J.{ , 

'----- r ~ 

• (.s,Tl 
PTS (USEe) 

091 

5 0.100 .~.3 

5 0.100 '48.5 

5 0.100 48.1 

5 C.lGO 47.$ 

5 0.100 47.3 

5 0.100 46.7 

5 C.l00 46.1 

5 0.100 45.5 
, 

5 ColOO 45.0 

5 0.100 44.(, . 

5 C.IOO 44 .. .3 

~ C.I00 44.<: 

5 (l.100 44.0 

~ C.100 4.'\.9 

~ 0.100 43.7 

5 0.10,0 43.2 

(.5)T2 
(USEC) 

cez , 

1 .610 "4.€ 

1.600 41&.7 

1.612 44.,3 

1.613 43.7 

1,.618 42.9 

1.621 42.1 

1.625 41.0 

1.623 40.1 

1.627 39.3 

1.631 .)d.7 

1.63<1 J8.1 

1.!)Jl 37.5 

1.640 36.9 

1.640 36.f. 

1.647: 35.9 

~4T 34.9 

( .5113 
(\oSE Cl 

CE3 

::.116 40.a 

~. 1(:8 40.7 

':.117 110 • .2 

:! • 1 11 39.4 

~.12. 38.5 

~.138 37.3 

30135 35.8 

3.146 34.5 

:!.141 33.2 

~.157 az • .J 

3.167 31.4 

~.157 30.5 

~.1!,:4 2<;.2 

~.172 28.4 

~. 1 a7~ 27.4 

3.leT 2~.d 
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6.118 28.9 

4.634 ~Z.1 6.132 27.1 

4.~4a ~O.4 c.147 25.2 

4.C:5526.6' -6..154 2.3.0 

4.~:" 21.0 6.15e 20.9 

4. !'; c: 7 2'5.7 c: .1.j0 19. J 

4.618 24.0 6.191 17.u 

4.E7C ~3.~ «:.193 1~.2 
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4.71:< 18.1 b .z .. 1 9.2 

4..731 15.9 6.Z74 6.7 

"', 
'\ 

Nt n,sm G'A't. .. '~.' 1'1' "='~~ ft:ft Ar...,; 

,\ 

-< 
1 
0\ 
'-" .. 

"""== 

'" 

i 
i 
~ 
~ 

l 
i 

5 i 
~ 1 
~ 1 

~ 

t 
L, 

arr tte .~R ,i _ 



\~. 
. 

f , 

1 -' , 
- 1 

; 

i ' < , ,}.' 
; 1 

l ' 
l, . , , 
~ l, 

-i ,.' 
~ • ~t" 

~i 
\ ,1 

~t":; 
",j. 
,;,~-

~ ~ l' -ffl' 
~ ~: 

.-..; ... 
1 \\ 

( ~t {.~ 
'''''llft , " 'Ç ,t \ 

1 t ~~fl 

1 

~ ~ft 

,":,1 
~ J ; 

~' 1'1' 
• j 't 

(~ 

1 
};: '. 
~ -.t~' j 

\ 

~~., 
" :,~;/i 

r , . . ' 
l 

~ 
e 

1 0 
....' 

. ..} 
, 

" 

Il 

.006 -.' . l' 

.004 -

-o 
..c 
u 
~ ,> 

-g 4 
N -

2 

T 

/' 

l , 1 1 1 

-

-

-

'1 . 
~02~ ____ ~I __ '~~_~I ____ ~f~ __ ~I~ __ ~I~~ 

), w110 -\00 -90' -BQ -70 

IIOC} 
• 

.1 
, l '1 

' ___ F_ - __ .."".... .... ~.,.-~,..O-}<-~" ... ~iJ !. , ,Xii .. '~"T""" ~. -..,.~:" ;if;~"<:'-

/' 

-, 
" 

, 
'.' 

,~ 



() 

(4 

~ 

.. 

" . 

(V-7) ,t'y 
I!( 

FIGURE V-6 "' . 

ULTRASONIC RESULTS FOR PMMA-H
S 

AT 20.0 MHZ. 'The 
~ 

is apparent at ,... -~ Oc as a 'local db minimum. 
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APPENDIX VI 
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TABLES OF SUPPORTING DATA FOR FIGURES IN THE TEXT 
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Figure 4, Char ter 1. page 1;5. Da ta for Methyl Chloroform (from Das21 .) 
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Literature Data for the Baekbone Methyl Relaxation in Conventional PMMA 
(The pointg for the a, (3, 'H20', and 8 relaxations have been taken from McCrum, Re~d and Williamsll 

and McCall • and need not be repeated here.) 
-

NMR POINTS DYNAl-lIC MECHANICAL POINTS 
" , 

0 

,log ve lODO/T Remarks Ref. log ,ve IOOO/T Remarks R~f~ log v IODO/T tanS Relax. Ref. 
(Hz) (OK)-1 

~ 
(Hz) (OK)-l (1fz) (OK)-l peak ht. strength 

& ~ -Q 

7.51 3.6 6 5.35 4.05 [line J 34 7.0 --4. a .-0.003 47 
" widt hint Of] 

7.33' 3.84 Tl' min 65 5.2 4.2' " " 7.0 -4:55 -0.03 inn .• " . 
7.6 3;8. . " 63 5.0 4.45 " .. 6.48 -6.2 -0.003 ([,61 -7.5 4.0 [ ",<0.12 64 4.85 4.65 , .. " 6.48 1 -4.8 -0.001 " 

thonomer' 4.65 4.'85 ., If " 6.7 6.06 
vIT J 49 .-

-4.7 -6.3 T1P min: 66 4.5 5.1 fi " 6.7 6.66 slope " 
-4.6 16.0±O.5 line widd 62, 4.4 5.35 " " 6.0 6.80 changes " 

0~27. H20 4': 25 - " " 6.0 1:40 
. 

" 5.7 ,. . present 4.1 6.0 ri l' 6.2 4.l: - &2 
4.4 .5.8 ~ 6 4.05 6.35 " Il., 5.8 4.7 Il. 

1 

4.8\\ • 5.9 fi 
3.8 6.75 fi " 4.1 6.65 ' " 

4.4 , 6.2 " 3.6 1..2 fi " 3.35 . 7.6 " -4.4 6.7 1. 3.25 7.75 " Il 3.844 9.09' - 0.0002 -1/1000 56 
~.2 6.} 2.8 8.4 Il " 3.83 6-.25 -2/1000 " 

5.8±0.3 4.0 line width 31 .0.0 l' Hl.O . 59 
4.75±0.1 5.0 " " '';l -
,} 4.3 . 6.0 " " l, 0 

3.95 7.0 " Il . ..--
-

3.75 8.0 " Il .. 
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Figure 14;' Chap ter III, page "57, 

Vibrating Reed d.a~a for free-radical PMMA-HS at - 565 Hz. 
567.0 Hz at -197.8°C ta 562.7 IlZ"at -139.4°C.) . 
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-1,9'. i .~ 

-1 O~,7 -~~O 
-', '\ - 89.1 

il' 'l" -IB7,'5 
-f,;B6.8 

, l;B4.8 
, 183.7 
/-182,.0 

"f-lBl.S 
i -179.7 

/ ;-178.5 
", f -117.0 

.. ", 1 -176 4 i' • 

1 

/' 

1 

; l -175.7 
r -174.2 

-11'9.0 
-171.3 
-171.0 
-167.8 ' 

E'x10-10 
(dynes lem'l) 

6.391 
6.389 
&.384 
6.380 • 
6.382 
6.382 
6.3iO 

, 6.3ill 
6.369, 
6.371 
6.366 
6.366 
6.369 
'6,.364 
6.364 
6.362 
6.362 
6.360 

, T(OC) 

~196.0 : 1 

-191. 0 
-188.2 6 

-186.0 
-183.0 
-180~3 
-177.6 
-174.8 

---, 
-172 .1 ,1 
-16B. B' 1 , 
-164.2 
-161. 5 " ) 

-159.0 
-154.9 
-150.3 
-147.4 

, -143.8 
-138.2 
-135.5 
-133:6 
-13,2.0 

li 
:'165.7 
-'165.2 

'6.362 
6.360 
6.353 
6.355 
6.351 
6.353 
,6.348 
,6.344 
6:331 
6.l~9 
6.331 
6.32"6 
6.324 
6.319 
6c)19, . 

-!JO.l 
1 

'b 

Il 

, . 

. .. 
,f ... 

" . -163.i 
-162.2 
-160.1 
-160,0 

, -151.8 
,("-157.2 

• -1.56 .. 0 
-i53.B 
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-Ül.4 
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-148.7 
.-146.3 
-145.7 

" '·0 -1~2.0 
-li~,.-4 
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,. 

,~O .. 

01 

'1,-

.. r,-

6 •• 315/ 
6.308 
6.306 . 
6.301 
6.295 

.. 

,r 
" 

(fo;~ried 

l~f1 

tanô xl03 

1. 94' 
1.81 
1. 83 

11. 86 
1. 85 
1. 79 
1. 85 
1.89 
1.92 
2.01 
2.14 
2.24 
2.36 
2.42 
~~'40 
2.56 . 

, 2.74 
2.97 
3.05 
3.17 , 
3. go G 
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( Figure 15," Chapter III, page 59 
1 

Vibr~tfng Reed Data for PMMA-D8 at -540 Hz. (fo varied from 548.96 Hz at 
-198.60 C to 536.52 Hz at -109. 60C.) 

T T tanS 
(o't) oc x 103 

-198.6 7.6756 -199.5 0.-787 
-196.4 7.6694 -197.2 0.835 Il 

-194.1 7.6633 --195.1 0.832 
-191 .. 2 7.6549 -192.6 0.802 
-189,0 7.6485 -189.8 0.839 
-186.0 7;6418 " -187.2 0.852 

/ -183.1 7 .~6342 -184.3 0.891 
, 

-180.0-' 7.6214 -180.8 ' 0.~34 
-178.0 7.6156'"' -;178.7 O. 39 
-176.5 " 7.6097 -177.0 0.937 

'-174.9 7.6041 -175.5 0.942 
-173.0 7.5983 -173.7 '0.938 
-171. 7 7.5936 -172.3 /' 0.961 
-170.2 

1. 
7.5900 -171. 0 0.993 

-168.4 7.5838 -169.0 1.04 ')~ ~ . .. 
-166.4 7.5788 -167.2 1.03 
-164.0 7.5713 -165.2 1.08 
-161.2 7.5613 -162.2 1.08 

,'f, 
1 

-159·1 7.5541 -159.9 1.14 
. ~. 

, ' 
7.5483 -158.4 1.20 ~ -158.0 

'-'157.3 ~ 7.5458 -157.5 1.22 
-156.6 J) 1.5430 . -156.8 1.22 
-154.8 7.5383 . -155.9 

t 
1.24 

-153~0 7.5347 -153.8 L30 
-150.5' 7.5231 -151. 7 1. 32 
... 149.0, 7.5181 -149.6 1.34' 
-146.5 7,'5076 -147.'6 1.41 
-144.2 7.5012 -144.9 1. 50 
-141.-3 7.4899 -142.2 1.58 
-138.0 7.4753 -139.3 1.64 :; 

'" -135.9 7.4670 -136.5 1. 78 
-132.3 7.4499 -134.0 1.81 "- ! 
-127.5 7.4304 ,-130.4 1.93 11 
-125.2 7.4188 -125.'8 2, • .16, 

'-, , , 
/-122..9 7.4084 -123.8 2.32 

. , 
'\ 

-120,.8 7.3963 -121.6 k.1J7 
-118.1 7.3776 -119.4 2.67 
-115.5 7.3650 -117.0 2'.83 
-112.2 

, 
7.3459 -113.9' 2.85 .... 

-109.6 .1.3316 -1l-Q.5 ' 3~ 02 
.". .. 

-108.0 3.16 .. 

-103.5 3.39 . , ., . 
-100.0 3.65 
- 95.5 3.95 
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, Reed ( -210 Hz) 

, 

T(oC) , tan Ô xl02 

---
1 

-120 0.48 
-113 0.51 
-107' , 0.59 
-104 . , 0.62 . , 

-98 0.67 
-92 0.79 . 
-85 0.92 
-79 1.01 
-72 ' 1.12 

=,-64.5 1.21 
-57. 1.31 
-5l. 1.50 
-40. --2.06 
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i" ' Figure 16', Chapter .III, page 63 

Acoustic Data for Free-radical PMMA-H8 

0- Acoust±c Spectrometer 0- Piezoelectric, Vibrating 
(1240-1424 Hz) , - :;.. Reed (946-1112 Hz) , 

T E'xlo-1O T E,'xl0-1O 
'(OC) (dynes/cm2 ) (OC) (dvnes/cm2) 

, 
-
26. , 4.14 \ 26. 3.76 
12. 4.37 13. 4.04 
-9.5 ' 4.62 5. 4.16 

-37.~~· 4.90 '-4 .. 4.31- / . 
-47. 5.12 - -13.5 \ , 4.45 
-59 •. 5.20 -23. 4.55 "'-

. - . . 
-96.5 5.27 -3;3.5 .-4-.64 
-'73. 5.27 -48. 4.84 
-78.5 , 5.35 -54. 4.91 
-88.5 5.36 -61.5 4.98 
-98.5 5.39 -75.5 5.09 

, , 
-116. . 5.42 -93. 5.20 
-134 .~ 5.45 
-144.5 5.45 
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Figure -17, Chapter III, page 65 
.. 

Ultr~sonic Data for Free-radical PMMA-Ha at 8.4 MHz. 

T"N 0 .; TC! 1:' EV V~ L <; TD D:V 
1 Ta.", c-l (C"/U';) (V"L) 

0.0)41;\5 0.1?O110.27112 O.OOI7~ 
0.·9'-459 C.3.)OI7 0..271"" _~"147 
C.Ol~02 0. .00013 O. Z 7 21 C O. CCOl5ti 
o..0IJ6~ O.)0~07 0..27J17 0.CO~77· 
O.OlJJ~ O.~Oo.Cb 0.~74~2 C.COJ70 
0.01103 0.000C6· 0.27".34 .C? .00.091 
1:.0.12"'6' 1).0000.6 0.27844 0.0.0.100. 
0..01"246 0. .ococo 
0..0.1211 O.)()CO'" 
0..01169 0.000.11 
0.01120 0.000.13 
0..0.10...,9 0..0.00.17 

o..27<)<;40.I)CIOo 

0.Zt'I~4 O.OCllb 
0.2~2q4 C.CCIZI 
o.2f1421 0.00145 
0..21'50.7 C.COI71 

C.01C~" 0.0.0.0.15 a.2e~Z7 C.C0177 
C.C099C_o..COo.I8 0.Z8726 C.ac173 
0.00.948 0.000.18 0.2880.3 0.OC1~8 
e.00919 0.000.18 0.Z88.33 C.oel3a 

" '" 

• (.5)T 1 DBl 
PT 50 CU" e::c 1 

4 

" 
'" " 4 

" " 4' 

4 

" 
" " 4 

4 

A 

A 

• 

0.100 50.2 
c.loe 
C.l00 
C.IOO 
0.100 

50..7 
51.9 
52.6 
E3.6 

0.100 54.4 
C.IOO 55.0. 
0.11,00 55.é 
0.100 56.C 
-o.lCO- 56."-
0.100 51.1 
0.100 57.0 
C.100 58.1 
0.100 58.4 
0.100 58.8 
0.100 59.C 

(.5)T2 DSZ 
fU~EC) 

2.b 11 3a.4 
2."0.0. ~~.s 
2.5131 35.4 

. 
2.574 ,j7.C 
2';555 38.4 
2.~51 .39.1:1 
Z.53~ 41 .0 
a.S.i!B 41.Ci 

,2.524 42.8 
2.500 44;, 1 

2.495 45.2 
2.4'J0 46.f 
2.476 47.5 
2 .465 4f1.3 
2.4S1 49.2 
2.447 4<;.8 

\' 

(.5) T 3 

IlS«CI 
~.oeo 

~.C~4 

~.OlA 

•• 9C;~ 
".9é2 
A.<;;44 
•• <;05 
".8<;0 
4.8é"! 
4.8"8 
~.e34 

4.e30 
".'101 3 
•• 797 
•• 775 

, 
CE3 

16.f. 
17. \} 
20.3 
22 .1 
~4 .0 
25.a 
27.4 
28.0 
29.9 
31 '.7 
3J.3' 
3~ .0 
,jé.5 
37.7 
:S9.1 

4.71!A 3C;.", 

(.!5)T4' 

(UrFC) 
7.~ C;C 
7.A1C. 
7.411 
7.444 
7.11 CC 
7.3éC 
7.3C7 
7.27é 
7.",37 
7.187 
7.1== 
7.1:: 1 
7. 1 CC 
7.C74 26.8 
7. C:o e 2t1. e 
7.C .. " ~"'.H 
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Figure 18, Chapter III, page '68 

""-' 
Ultrasonic Data for Free-radical PMMA-Da at 

(Upper data set - 0 ; iower data set ~ 
13.4 ·MHz. . ) 

TF"'P 
(CI 

-2/)..2 0.00822 O.OOll')O 0.c4412 o.C)COO 
-22.2 C.QOA21 O.OCOO~ O.2414l 0.00000 
-19.6 O.008~4 O.ocooo O.~4~~~ O.OlOOO 
-17.1 O.obd~1\ \0.00')00 0.243'17 G. (Jeo:) 
-15.4 0.00<)34 0.00000 1).24397 0.0000 
-13.9 0.00CJ42 o.oCOOO 0.24397 O.OCCO 
-12.0 0.009~9 0.0('00' 0.2 L 2Z(> O.OlOOO 
-IC.5 0.01004 0.00000 0.24142 O.O~I)CO 

-9.5 0.~1038 0.00000 0.24196 0.(10èo 
-e.o 0.01064 0.00000 0.24255 0.00000 
-6.4 0.01134 0.00000 0.24542 o.COOCO 
-5.0; 0,01140 0.000000.24340,0.(('000 
-4.2 0.01179 O.OOCOO 0.24312 o.ceoc? 
-3.2 0.01206 0.000000.243"'9 O.OOCO 
-2.2 0.01216 0.00000 0.243Y7 0.1:::;000 
-0.8 0.01235 o.oeooo 0.24469 O.O'COO 
0.7 O.lJlztO 0.00000 0.24644 o.ecooo 
2.0 0.01265 0.00000 0.24732 o.OCOOO 
3.3 0.01285 O.COOOO 0'2 4 6A4 o.C:;JOOO 
S.O 0.01297 0.00000 0.24!:'71 0.C0('CO 
6.3 0.01315 0.00000 0.24A41 o.coceo 
7.8 0.0130;5 0.00000 0.247.32 O.COOOO 
9.4 0.01372 0.00000 0.244se O.Oleoo 

10.5 0.01390 O.COCCO 0.2L3~4 O.C"COO 
Il.3 0.01A05 0.00000 O.241<;'~ 0.001.00 
13.2 0.0140;4 0.00000 0.24A601 0.00':.00 

,15.1 0.01_5p2~.90000 O..!.?~ao O.(I)OCO 

TI"~O TMjl) STI:>C"V IIfL c;rrllt.v 
(CI (TA:.! 01 (C"/IJ~I IvrLI 

-11)3.3 c.0<n04 O.CO'')I) O.o:'!"'1~" O.(')COO 
-'Hl.'3 0.002'J9 0.00')')00.2<",,'19 t.Oll'OO 
-QL.7 C.00310 0.000')0 -:.2' ";'1 O.I)O("CO 

o -90.B 0.00.1;>3 0.1::>':1)0 ('I.;>574A C.CCCCO 
.-85,9 0.00321 C.~OOI)O O.':>' 601 I).C('OOO 
-"1.0 C.00339 O.Ol'()')O 0.2,,:-.fll 0.('1000 
-77.0 C.0~3~2 o.OOCOO 0.;>tA91 o.C~(OO 

-72./1. 0.1)03AI ('.C')Q')O o.;?~cn 0.C.1000 
-~8.~ o.ob~oo 0.00000 0.20;2;>" 0.r0tCO 
-6A.0 0.OO~17 0.(')0')0 0.25;>09 o.ooceo 
-60.2 I).OOS,AI I).C':)I)OO a.ZAO.?1 0.0)0(,0 
-S~.9 0.005~O O.OIJ~OO 0.~6YAO 1).~I1.~1J 

-53.7 C.')057'3 O.COI)')O 0t21.~tlO 0.C1'=00 
-50.2 0.00'>79 0.0?1)1/) 0.26717 o.c<c·OO 
-.6.9 C.00~07 0.(001)0 0.2<"06C o~cntcl) 

-43.7 C.00..,05 o.O'l,)OO O.ë!47U O.COOOO 
-41.3 O.,)0~4q 0.0')000 0.?497~ o.clcdl) 
-3f:.2 0.00706 o.c':>')OO O.2L3<,.7 O.C~(OO 
-32.H 0.007A~ 0.0)1JO 0.24b2~ e.cocoo 
-30.3 0.00162 0.('0000 0.2 A OfO O.ClCOO 
-28.2 0.0079~ 0.00000 O.2A36~ O.COCOO 
"'20;.2 0.00613 o.ooooe 0.2411Sf> O.OJCOO 

,-23.1 C.00~36 O.C~~~~ O.2h1G2 O.CCtOO 
~21 •• C.0~67~ 0.06000 O.2~~92 o.C?OOO 
-1'h4 0.00&92 0.0(1000 1).,4l"~ O.ClOCO 

/ 

" o." Tl 081 
PTS (u".el 

2 0.100 61." 
.:> 00100 6101 
2 0.100 "Od 
2 0.100 5 1}.4 

2 0.100 'S'J.2 
2 0'0100 56.7 
Z 0.10 0 ~ 6;'1 
2 0.100 S1.~ 
2 0.100 57.6 
2 C.IOO 57.2 
2 O. 1 0 a ,51. é! 
2 0.100 51.0 
2 O~IOO 5'>.9 
2 0.10056.7 
2 c~ 100 56.5 
2 0.100 '5(,.2 
2 00100 55.H 
2 CoIOOI 55.4 
2 0.10~ 55.0 
2 0.100 54.4 
2 C.IOO !:4.1 
2 ColCO 5.l.~ 

2 0.100' 52.8 
2 0.100 52.3 
2 0.100 52.0 
2 0.100 SO.Y 
2 0.109 49.7 

li O.' '1'1 OBI 
Pl S (1I5<::C) 

2 0.100 S9.5 
2 C.IOJ t9.C 
2 0.100 t'1.1 
~ 0.100 f.9.C 
Z CoI')l) t'I.C 
2 0.100 59.1 
2 0.100, 59 • .:! 

" , 
, C • .JO-') 59. i! 
2 o.log 59.6 
2 C.IOO (.1.5 
Z C~lIjO 1').2 
:' C.IOO (J." 
2 00100 "4.4 
Z C.I(l0" •• 4 
2 0.100 f-.4.2 

2 0.100 f4.1 
2 C.IOO ~4.2 
2 G.IOOê4.0 
2 
2 
2 
2 

·2 
2 
2 

C.IOo- f J.6 
0.10P (oJ.2 
c.loa f>Z.B 
0.100 f2.0 
ColOO tl.6 
O. JOO tl.Z 
00100 60.5 c. 

o 

• J 

0.5 TC! D02 
-( USF-c.) 

1.1l0J 51.4 
1 .t1l9 50.~ 

'l.tlII 149 .o; 
1.60148.4 
1'!.lOI47.6. 
1.60147.01 
1,61J 4tol' 
1.619 45.0 
1.IlIS 4/ •• 6 

1.611 A3." 
1 .791 A3.2 
1.80:; 42.6 
1.607 42.2 
1 .60J 41.7 
1.601 4".4 
1.796 40.9 
1.7S.40.J 
1.778 39.S 
1.7t1439.2 
1.71l11 36.4 
1.79637.1:: 
1.77a 36.9 
1.797 35.8 
1.604 35.0 
1.8153A.4 
1 .79S 32.9 

"..76U,lI.4 

O. sllT2 
(\·S~c) 

1.72A 55.C; 
1.70J !:5.5 
1./01 !'S.4 
1 .712 !:",.2 
1.7ll ~5.c' 

Cl' 1.71~ 5~.1 
1.721l 51..9 

1 .r!'5; 54.G 
1.7'15 SA.S 
1 .7AI ~5.J 

1 .71~ ~t>.6 

1.7t-\ -7.1 • 1.7bd57.11 
1.111 57.3 
1.7'>6 57 ~I 
1.775 56.7 
1.767 56.3 
1 .1:101 f~.2 

1 .7'3S 5".4 
'1.825 !3.f: 
1.8ÙJ !:é.Ç 
t .Olll ~l.e 
I.OI9~I.l 

1 Hl3T 50.1 
1.820 49.3 

'.' 

• 

. ' 
1 

.. , 
:1 
" 
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Figure 19, Chapter III, page 69 

Ultraso~ic Data for lsotactic PMMA,-HS, at 13.7 MHz 

rREûUENCY. IJ.7 ~Hl 

T!"P T .... 0 STO CEV VtL ST~ oEy 
ICI 1 TAN 01 (CM/uSI (VfLI 

1 

24.~ 0.01234 0.0001' 0.2f~13 Q.(CZ'i1 

~21.5 0.00998 0.000&2 O.Z~405 O.COI31 

" ,-
411.~ 0.01016 0.00014 O.2~931 0.00009 

15.50.010)5 0.00018 n.2~7Q7 O.002e~ 

Il.3 O.OO~8 o.oooo~ O.262JS 0.0(21. 

•• !I 0.009'" 0.00008 0.26J .. 6 0.0017. 

6.5 0.00937 0.00007 O.2S95~ 0.C0236 

3.70.0087111 0.0001\' O.,lf·l9".2 o.oo ... J 

1.00.00875 0.0000" O.2~'36 O.OOO~7 

-'5.30.00 ..... 0.00006 O.~b"il. 0.00100/ 

-9.0 O.O()796 0.00001 'O~Z62~7 0.000 •• 

-&3.0 0.007e7 0.Q0008 0.Z67.9 0.00079 

-15.80.001&0 0.00011 0.26706 0.00027 

-17.5 0.00723 0.00003 0.26576 0.0001. 

-19.2 0.00705 0.00002 o.2~6a5 O.OCO!8 

-22.00;00666 0.000'20,2616& 0.00062 

-2~.2 0.00663 0.00006 o.ztao. 0.OOQ~2 

-211.0 0.00625 0.00009 0.2~7r8 0.00019 

-30.3 0.00617 0.00010 O.l~8 0 0.00021 

-l'3.b 0.00605 0.00010 0.2t9'. a.OOOSJ 

-36.0 0.00601 0.00016 0.27t~1 0.OOO~7 

-J9.~O 0.005'11 ..... 0.00001 0.2708t 0.00026 

-.2.0 0."05,54 o.ooo~, 0.211l9 O.OOCOl 

-51.30.00 •• , 0.0000' 0.27J73 0.00037 

-56.00.00&"1 0.00006 0.27.96 0.000&' 

0.276115 0.0002.1 

0.2'630 0.000111 

-70.3 0.00'1' 0.00010 0.27716 0.00038 

-.5.0 O.003.~ O.OOO~9 0.2J917 O.C003S 

-.0.0 •• OOS12 O.OOOUII 0.28061 O.OOU~ 

-95.7 0.00S61 O.OOOOb 0.28096 0.00041 

-99.' O.00l5J 0.00007 0.28266 G.OOO!J 

-104.50.00314 0.00001 0.2e3~6 0.000S2 

.IO •• O~O.OOJIS 0.00006 O.ZlllO 0.00023 

-JtÔ~D 0.0030.0.00004 0.2""'!S2 10 • 000 •• 

-11 •• 5 0.00270 0.0000~ 0.2e~30 0.000l6 

-UO.5 O.OOISI 0.00000 iI.ZU1 ... O.ilCOOO 

, ,.~, T 1 0111 

PU IUHCI 

3 O~IOO .0.0 

3 .....,C.l00 tO.5 

0.100'''' 

3 0.100 42.! 

0.100 tl.l 

O. 100 .&J.~ 

o C.lOO At.r 

0.100 A6.' 

O. 100 .~. e 

0.100 ".1 
Q. '00 .':-2 
0.100 6'9 .. 0 

C.lOO 10.0 

4 0.100 eo. J 

4 0.100 81.Z 

• 0.100 &1.6 

0.100 12 • .0 

4 

C.IOO 5J.2 

C.10'0 S1.7 

4 0.\00 5A.l 

0.100 ~ •• 9 

0.1005!.3 

4 0.100 55.6 

a.IOD 56 •• 

1 0.100 &6." 

(.too Il'.4 

0.100 S7.7 

o.aoo se.1 

5 "'C.IOO 58.! 

ft C.IOO 'd.9 

, 0.100 ~""I 

~ C.IOO 60.0 

1 0.100 eO.2 

Il C.IOO 60.7 

0.100 60,9 

0.100 6'" 

1 0.100 .,.9 
5 0.100 62.1 

• 0.100 .2.1 

» 0.100 .2.T 

1 

1 

c.~1T2 081 
CUSEel 

1.780 211.7 

1.795 30.0 

1.7se 31.7 

1.759 34.1 

•• )"63 l1.1 

1.747.0.t 

J .7l9 4 •• ' 

1.734 43.0 

1.136 al.? 

1.717 ••• 6 

I.H1 .~.t! 

'.7011 .7 •• 

1.10. OS.1 

,.706 50.A 

1.691 St.2 

' .. 66.5. ~2.1 

a .660 !le ... 

1.66057.0 

1.656 157.3 

} .650 57.7 

1.6&05 •• 1 

1.6 •• Il.1 

1.6l7 19.2 

1,1411 19 •• 

I.:;ITJ CEl 
(lSfCI 

~.t.2J 16 .. 7 

,J • .J6:J J2.6 

3.379 3'.' 

3.3a9 3'9.\ 

.!.J20 "1.6 

3.2"1 .Ci.9 

3.215 !l2.0 

3.216 52.1 

2,,204 !J.I 

3.let 54.l 

3.1 •• 55.1 

1.5IT. 080 
CUSEeI 

5. C79 8.2 

.s,.lee. 10.9 

a.otO 22.9 

~.D.3 .4.,. 

... ça~ 27.0 

.... Cile 33.1 

A.e: .. "'3.3 
1 

•• 825 ••• .J 

•. '7' .7.0 

... 766 48.4 

... 737 .9.0 

4.720 5t;t.6 

.... 122 !l1.l 

~.7C. U., 

... 
v' 

(.5IT5 085 
lunCI 

6 • .&70 J3.a 

6 •• JI n.o 

6.36t 40 .. 0 

f • .J6t 'I .. ~ 

I.Je, 4l.0 

e • .Joe ••• 1 

.~Z'I .... l ~ 

6.21l 46 •• 

6.,1'»0 ••• 0 

.,2" "9 •• 

.~ 

t, , l'," 

, 



·'r -" 
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Figure 20. Chapter III. page 10 

Ultrasoqic Data for 'Syndiotactic' PMMA-HS at 13.5 MHz 

TE"~ 
(C) 

T.N n ST:> ,)= v 
( T'A'~ :») 

vrL 
«(""/'15 ) 

c; TI) n.:::v 
1 VFL) 

~10A.l 0.00202 o.oo~OS ~.2710~ 0.?0021 
-14)1.40.001'11' 0.00006 0.71'101 o.ooo~ 
-98.9 0.00197 0.C0004 J.~71~R 0.CbJ41 
-Q5.A o.bOlqo 0.0000& O.Z707A O.~0~2d 
-91....-0.00t8~ Il.no-c,. 0.27C30 0.00049 
-81'.~ 0.00182 0.C0003 o.~~q?q ~.OCJJl 
-8~.8 0.0016. 0.00001 0.27049 0.CC039 
-81.9 O.OOln. Il.oeryll 0.2~~~~ O.JO)lO 
-81.2 0.00189 0.00002 0.2~qll n.ORll2 
-78.3 0.00197 0.00002 0.2694S 0.00031 
-76.] 0.00201 O.COOO. 0.26910 O.CC'lO 
-72.8 0.0021b o.COO~S 0.~~d71 0.001~9 

-66.~·O.002A9 o.n~?)~ ?~~731 O.~~~I& 

-~1.8 0.00275 O.COJl~ 0.2~703 O.?CCCS 
-5R.2 0.00299 o.OOOJ~ 0.26~3n 0.OJOI6 
-53.n O.0031~ o.OO?OJ 0.76~7~ 1.0CJ2e 
-~C.6 0.~0316 0.0000, J.2~410 '.J0045 

.-.6.0 0.00313 O.OOOOb O.ZfJ43 0.00031 
-.2.60 • .003030.00".,,,, 0.21'021'\1 0.":)C034 
-3a.~ 0.00300 0.00013 0.2~2b6 0.01050 
-J5.0 0.00']11 0.000')1 ).U.2.~0 O.OO:l3~ 

-31.7 0.00J31 O.~OC'4 O.2A21A 0.O~026 
-28.0 0.00~62 O.~~O'~ 0.2~17Q O.CO~AO 
-24.6 0.003Q7 0.000'4 J.2~170 0.OO~~9 
-2ci.9 O.OO~31 0.~n"J2 ~.2~~~~ ?OJ051 
-17.50.00"610.000010.2"'994 0.000';2 
-13.8 0.00.d7 0.000J2 ":).2<;872 O.OOO~I 
-10.0 0.00"100 Il.00(');)l 0·.l~817 0.0;131 
-6.~ O.OO~CO O.OO~J2 O.!~759 0.00070 
-3.7 0.00~07 O.~O)~~ ~.2577r 0."O~~6 
-0.5 0.OO~17 0.00005 .).2"~'R2 0",000"31 

2.3 .0.005.~ 0.00C05 ?2~74] 0.00051 
,> 6.0; o.ono;/ll ,0-.01)1)06 'h2<;775 0."C"6Q 

9.8 O.OObl~ 0.000')6 O.2~~2. 0.0~039 
14.1 A.on~~7 0,0?010 ~.l5~~7 O.CCICh 
lS.S 0.00720 0.0"".')8 0.2!H;72 O.OC.19'5 
~5.2 0.00748 O.OOO')Q O.~5299 O.~0057 

" PTS 

6 

6 

6 
6 
6 
6 
6 
6 
6 

. 6 

6 
6 
6 
1; 

6 
6 

.6 
6 
6 
6 
6 
6 
6 
6 
~ 

6 

" ~ 
6 
6 
6 
6 
6 
f!> 
~ 

6 
6 

O.'" Tl 
(US'= C) 

OBI 

o. 100 '5 :l'. 0 
0.10,) ~e.c--
0.100 bd.O 
0.100 ~7." 
0.100 6'.8 
O.ICO 67.7 
J.,IJO 67-7 
0.100 67.7 
0.100 Eo7.7 
0.100 ~7.5 
0.100 ~7.= 
0.100 ~ 7."; 
0.100 ~7., 
0.100 67.5 
0.100 67.4 
0.100 67.1 
0.100 t'>6.~ 

o. l'.)~ (,6.4 
0.1',)) ê~.O 
0.100 t:5.~ 

0.10) ,. 503 
O.IOJ 6:5.1 
O.IO? 6,.C 
~.ltJl A.&.'1 
0.100 A.4.A 
O.I·JO bJ.7 
0.100 .. 2.7 
tJ • 100 fi'. CI 

O.l? ,) ~ 1 .l 
O.lù,J 60.9 
O.IJO tO.Q 
0.100 ~0.7 
0.100 60.7--
0.100 1>0.3 
0.10;) 5"' • .­
'l.100 ~d.2 
0.I(,)O_~1l.3 

0.5 T2. 
(v;5.::'C) 

oe2 

1.65'01 es.fI 
l.ê71 65.7 
1.66~ t'5.7, 
1.'>60 c.:5.1"-
1.bt:2 f<;.e. 
1.6f:l 1!:5.4 
1.';49 f:5.6 
1.665 f5.5 
I.Cf<l 65.5 
1.6f7 65.4-
1 .6~6 ~S.4 
l.bS7 6:.3 
1."73 65.1 
1 .... 7 .. 64.6 
1.681 fA.S 
1.681 63.7 
I.'OJ 63.1 
1.70!>' 62.5 
1.712 fl.<) 
1.701 6".7 
1.699 61.7 
1.70'1 t-l.~ 

~21 fl.C 
1. 7 ~e! 6 C.-
1 .73-1 ~9.a.l.... 

1 • 740 ~a. 1 
1.7?1 56.9 
1.74d !!l .. 7 
1.7tlJ 5~.2 
1.74~ '55.é. 
1.153 ~5.1 
1.7113 ~4.7 
1.7!\4 5~.2 

1 • 755 53.il! 
1. 75~ ez.o--
1,.767 ~O.I 

1.77d 47.6 

'. 

0.5 Tl . O~3 
C l"'=CI 

:!.2C7 ~3.~ 

.J.~lS 1:3.0 
~.;!IJ. h3.0, 
,:!.213 '03.2 
-!.221 63 • .z 
3.231 b3.2 
J.21'; ';3 ... 

3.22ol 63.4 
~.2 Je 63. b. 

3.227 63.,3/ 
3.221 63.l 
:!.241 6:l.0 
~.2t.9 bZ • .s 
.3 .. 24" 61.7 
.3.2t-2 61.0 
3.271 ,,0.0 
J03,)"'·59.1 
~.JOe ~.4 

3.31z----5S.2-
J.31e! 58.? 

J.Jl::! 5":i.O 
3.317 '57.7 
3.32<) 56.~ 

~:~:~ 
~.J~..J ~~ 
3.l~O 51.0 
J.3/." 49."> 
3.40,) 4~.2 
J. J'JC 41)'.;' 

3.J'Ô9 "'''.9 
J.3'H .6.~ 
J •• CO 47 •. 1 
3.::l<i'l 4~.~ 
~.41'l A~.I 

~.4J&! -'1'.4 
~.A4t1 .30.0 

O.~ T4 
(u::"C) 

oa4 

4. .7~J t--t). l 

4 .7' C 60. r 
4.1~.6'j.1 

~ .754 61.:; 
.~ .7S') 61.2 
4.774 hl.:? 

4.771 el ... 
-.782 61 .. ..-
4.7Et; 61.3 
4.779 fol.1 
... '7 'i 0 é 1 • ' 
... I:! CO lIO. ~ 
... IU') !:.'}. Z 

A.E20 :'1.5 
4.840 !:7.';-
4.t!tS56.t 
A .ec;t C;~ • .1 
4.e<;9 !:4.~ 

A .50 1 .. 54.1 

4 • r" 1 8 ' .... 7 

4."C7 -::~.l 

A ... 21 5i.7 
4.Y29~2.ô 

~.Y4t1 ':>I.e 

4 • ~:4 4').2 

•• 971 41 • .! 

"."de ''3 •• 
5.Cel 4.j.~ 

5.031 41.3 
! .CéO .. ~.C 
";.031 42.S 
-:, .01 0 ~ t .6 
5.C214().1 
S.C':I ~d.:; 

'5 • C ~ 1 ';(0 • 2 
S.OIO .32.' 
5.1 1'" 2'1.'; 

O. S T '.i 
(U~:: ) 

DB5 

-...a t,j)4 .,J.~ 
t-.jl~ '>!j.7 

6.J2J ~é:.é 

6 •. Hd:>9.~ 
6 • .3lq5~.1 
.;. 3..11 Sc.. • .!. 

é.31 C; 59".! 
b.3JS ~~.2 
6 • .J4tl 59.ri 
6.J5C 5!:1.tI 

6.3'5::l 5e.~ 
6.J'b 57.<" 
6.J i<; :56 • .!. 
6.312 5': .1 
6.'+10:53.b 
f.i~<i Si!.4 

6.47-5 SI.d 
o.4-il ~l-.4 

t:.'512 0:1.: 
0.;16..51 • ...1 

c.3"4,:>0." 
~.':lC 4S.t. 
t-.,JS '6'"S.! 

c.,Ji !+t...J 

b.">-;~""~.l 

t-.l'31 41.6 
6.6'):) 39.3 
tl.oSl ~ .J/.tJ 

~.6JI J7.~ 

6.~U5 3t>.r;; 

6. ~ ; 0 3-,,\..> 
o • .,-;c! .:!,!6..<.. 

!l.,"133.1 
5.<'7'5 JC.9 
f..o7e 28.0 

0.6:;..1 .:!3.o 
o').7o;eZC.« 

....-. zd« 

.......... 

C.5 Té CrJt 

7. UA" S ~ .7 
7.8e2 !:(.c;. 
7.84eSe • ., 
7.85é 57.1 
7.8!!!" O:7.~ 

7.81:13 ~7.<:' 

7.1:156 57.", 
7.8d2 ::7.1 
7.b9:ê: 56.<: 
7.8~1 !:e.!: 
7.dY!) 5e.C 
7.910 !:>~'.: 

7.95: ~~.~ 
7:~65 51.7 
7.907 ~O • .3"< ~ 
8.02!: 4<;.01( 
6.CS2 ~e.~ 1.0 
!:I .0 77 ',. 8 • l '-' 

S.IOC .. 8.C 
c;.0(..7 '-7.t::. 
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\ Figure 21, Chapter III, page 72 

Torsional Pendulum Data for Free-Radi"cal PMMA-Da at ..... 0.75 Hz. , 
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Figure 21, Chapter III, page 72 (continued) 

Torsional Pendulum Data for Free-radi"c.al PMMA-DS at 6"2.35 Hz .. 
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Figure 22. Chapter IV, 'page 74~) 

Experimental log &.1 versus liT data for the YI relaxat~n of Free-radical 

PMMA-H8 and PMMA-PS" 
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Figure 23» Chapter ~V, page 76 

" 

Complete Trans~tion Map Data for PMMA-H8 and PMMA-Dâ 

(The literature data of Figure 9 (given on page VI-2) and' the experimental 
data for the YI relaxation of free-radica1 PMMk-HS and PMMA-Da (given on page 
VI-12) need not be 'repeated here). 
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PREVIOUSLY COPYRIG~TED MATERIAL, 0 

·IN APPEND'IX"'VI, LEAVES VI-1~, r5"vq-I, 
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